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George A. Orr 

INTRODUCTION 

Alterations to microtubule dynamics, leading to a less stable polymer, may be a 
crucial determinant in the development of resistance towards Taxol, and other drugs with 
a binding site on the microtubule polymer. We propose that two potential mechanisms by 
which breast cancer cells could alter their microtubule dynamics are by (1) differential 
expression of the several a- and 6 tubulin isotypes and (2) differential binding of 
endogenous regulators of microtubule assembly to the cytoskeleton as a result of 
posttranslational modifications to these tubulin isoforms (Orr et al, 2003). Currently, 
there is no reliable method for quantitating the complete a/6-tubulin protein isotype 
composition in human cells. Moreover, no precise structural information exists on the 
structural diversity of a- and 6-tubulin isoforms in human tumors, tissue, or cell lines. 
The overall goal of this proposal was to develop rapid and innovative protein-based 
technologies for both quantitating the a- and B tubulin isotype composition in drug- 
sensitive and -resistant human breast cell lines, and for characterizing the 
posttranslational modifications to these isoforms. The C-terminal 20 amino acid domain 
of a-and P-tubulins represents the isotype-defining region and is also the site for the 
majority of the posttranslational modifications. 

BODY 

Task 1 - To Develop Quantitative MALDI-MS Procedures to Determine Tubulin 
Isotype Composition. 

• Synthesize and purify the C-terminal tubulin peptides including '^N-labeled 
al/pl-peptides. 

• Establish linear standard curves for each peptide against the '^N-labeled al/fil- 
peptides. 

Peptides corresponding to the C-terminal CNBr fragments of human a- and 6- 
tubulins found in the MDA-MB-231 breast cell hne, including kal, a*, fil, 611 and filVb, 
were synthesized on an Applied Biosystems 433A Peptide Synthesizer using Fmoc-based 
chemistry. All peptides were prepared on a 0.1 mmol scale. We also prepared 
detyrosinated kal and the phosphorylated and non-phosphorylated forms of Bill. The 
peptides were purified by preparative (1 x 22 cm) C8 reverse phase chromatography 
using acetonitrile/ 0.1% TFA gradients. MALDI MS was used to authenticate the 
structure of each peptide. Figure 1 is a representative analytical C 8 reverse phase 
chromatogram of selected purified peptides. The '^N-labeled analogs of k-al and its 
detyrosinated counterpart were also synthesized and purified. '^N-labeled amino acids 
were incorporated at the underlined/bold residues, thus increasing the mass of both 
peptides by 4 daltons. 

A426ALEKDYEEVGVDSVEfiEGEEEGEE+/-Y 

The MALDI-MS spectrum of the "*N- and '^N-labeled detyrosinated k-al peptide is 
shown in figure 2. Note the ~4 dalton difference between the largest peaks in the two ion 
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clusters. The '"^N labeled peptide has a predicted monoisotopic mass of m/z 2698.1, a 
difference of 0.3 m/z from the observed MALDI-TOF data. This peptide has a predicted 
isotope cluster as follows: 

miz % Relative Intensity 
2698.1 72.3 
2699.1 100.0 
2700.1 76.3 
2701.2 41.8 
2702.2 18.2 

The observed ions starting at m/z 2701.8 corresponds to '^N- labeled peptide. The 
observed isotopic cluster for this *^N peptide agrees with the predicted isotopic cluster. 

Task 2 - To optimize conditions for tlie CNBr release of C-terminal tubulin peptides. 

• Establish the conditions for radiolabeling bovine brain tubulins withjH and ^P 
using tubulin tyrosine ligase and casein kinase, respectively. 

• Optimize cell lysis, SDS-Page, electroblotting and CNBr digestion conditions for 
maximal recovery of tubulin peptides from cell extracts. 

We proposed originally to radiolabeling bovine brain tubulin with ^H and ^^P using 
tubulin tyrosine ligase and casein kinase, respectively, to use as standards for optimizing 
CNBr digestions conditions for the maximal recovery of tubulin C-terminal peptides. We 
have found, however, that we could avoid the need for radiolabeling of tubulin by using 
an antibody-based detection system. A rabbit polyclonal antibody prepared against a 
synthetic peptide corresponding to the final 12 amino acids of human kal was used to 
follow the release of the CNBr C-terminal fragment. Under our published digestion 
conditions (Rao et al, 2001), i.e. CNBr (150 mg/ml) in 70 % formic acid for 3.5 hr at 
room temperature, no immunoreactivity remained on the nitrocellulose filter after the 
incubation period. This result was in agreement with our previous studies indicating that 
these digestion conditions also resulted in the quantitative cleavage of brain tubulin in 
solution. 

Tasks 3 & 4 - To characterize and quantify the tubulm isotype composition in the 
parental drug-sensitive MDA MB 231 and MCF-7 breast carcinoma cell lines. 

• C-terminal peptides will be isolated by the optimized conditions established in 
Task 2. Individual peptides will be isolated by reverse phase HPLC and identified 
by CID/PSD-MALDI-MS. 

• Quantitative MALDI-MS analysis using the '^N-labeled fil peptide will be 
performed to establish the absolute isotype composition for each parental cell 
line. 
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Currently over 30 cloned MDA-MB 231 and MCF-7 cell lines have been selected 
for varying levels of resistance to either Taxol, epothilone B, eleutherohin or 
discodermolide. All cell lines will he characterized for their tubulin isotype 
profiles. 

1. Reported Detection of pll tubulin in tlie MDA-MB 231 Breast Carcinoma Cell 
Line - Two abstracts presented at the "French-American Colloquium on the Cytoskeleton 
and Human Disease' in Marseille (April 2001) suggested that the Bll-tubulin isotype was 
a major component of the tubulin cytoskeleton in the MDA-MB 231 breast cell line 
(Lobert et al, 2001; Xu and Luduena, 2001). In both cases, the identification was by 
immunological-based methods. Our mass spectrometry-based method, which measures 
isotype composition based on the CNBr-release of the highly divergent C-terminal 
peptides, found that the 611 isotype was below the level of detection in this cell line (Rao 
et al, 2001). Since we could detect fill tubulin in bovine brain microtubule preparations, 
we did not believe that our inability to detect the BII isoform in this cell line was a 
problem inherent to our MS-based method. Nevertheless, we decided that it was 
important to confirm the tubulin isotype composition in MDA-MB 231 breast cell line. 

2. Ion Suppression Effects in MALDI-TOF MS Analysis of C-terminal Tubulin 
Peptides - Ion suppression effects can be a significant problem in MALDI-TOF MS 
analysis. Our MALDI-TOF MS analysis of tubulin CNBr C-terminal peptides from total 
cell extracts may have under represented certain tubulin isotypes due to these ion 
suppression effects (Rao et al., 2001). In that study, the C-terminal peptides of pll-, pill 
and piVa were not observed and the pIVb peptide ion was minor compared to 61. Ions for 
minor tubulin species could have been suppressed by the presence of the more highly 
abundant   tubulin   C-terminal   peptides   and/or   because   of   differential   ionization 
efficiencies of the various peptides. We reevaluated this approach by reducing the 
complexity of the sample prior to CNBr digestion (Verdier-Pinard et al., 2003a). Tubulin 
was purified by the Taxol-based polymerization method from MDA-MB231 cell extracts 
followed by the separation of a-tubulin and p-tubulin on SDS-PAGE gels prior to 
transfer to the nitrocellulose membrane. The region of the blot containing either a-tubulin 
or 6-tubulin was CNBr-digested and MALDI-TOF MS analysis was performed. The m/z 
peaks intensities corresponding to piVb and monoglutamylated 6I-tubulin C-terminal 
peptides were increased significantly compared to those obtained from total cell extracts 
(see Rao et al., 2001). Very low levels of the C-terminal peptide of tyrosinated a4-tubulin 
were also detected. However, the pll C-terminal peptide was still undetectable (Verdier- 
Pinard et al., 2003a). 

It could be argued that the Taxol-dependent polymerization process selectively enriched 
for specific 6-tubulin isotypes. For this reason, immunoblot analysis was used to follow 
the isotype composition during the tubulin isolation step. Our data established that the 
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isotype composition of the final Taxol-stabilized microtubule pellet was representative of 
the cellular tubulin composition (Verdier-Pinard et al., 2003a). 

3. Analysis of Tubnlin Isotypes by combined Isoelectric Focnsing and Mass 
Spectrometry - Due to the ion suppression effects noted above, it was necessary to 
modify our eKperimental protocol. The isolation of tubulin from cell extracts using the 
Taxol-driven polymerization coupled to high resolution isoelectric focusing enabled us to 
easily visualize and analyze the different tubulin isoforms present in cancer cell lines. 
The position of each tubulin band on the IPG strip was definitely assigned by performing 
in-gel trypsin digestion followed by MALDI-TOF MS analysis. After tryptic digestion of 
each excised band, mass analysis detected several isotype- specific tryptic peptides that 
confirmed the assignment of each band to an individual tubulin isotype class based on the 
sequence derived pi values (Verdier-Pinard et al., 2003a). We confirmed the presence of 
the tubulin isotypes in the MDA-MB-231 and A549 cell lines identified previously by 
MALDI-TOF mass spectrometry analysis of C-terminal tubulin peptides (Rao et al., 
2001). Because the C-terminal sequence obtained previously by MS/MS for a*-tubulin 
matches the C-terminal sequence of the recently described human a6-tubulin, and 
because in the present study a protein having the pi value predicted for human a6-tubulin 
was detected and confirmed as being a6-tubulin by peptide mapping, we consider them 
to be identical. An increase in pill-tubulin expression was detected in resistant compared 
to sensitive cells. A minor pill-tubulin species that corresponded most likely to 
monoglutamylated or phosphorylated pill-tubulin was also detected. 

The potential ion suppression effects are overcome in the present isoelectrofocusing/mass 
spectrometry approach since the total amount of each tubulin isotype is analyzed directly, 
giving a better appreciation of isotype ratios. Interestingly, the ratios of Kal-tubulin: pi- 
tubulin and a6-tubulin: piVb-tubulin are close to one in the cell lines examined so far. 
This trend suggests that there could be a specific pairing of a particular a-tubulin isotype 
with a particular P-tubulin isotype. The most striking difference between our analysis of 
tubulin isotype expression at the protein level (Rao et al., 2001; Verdier-Pinard et al., 
2003a) and previous studies at the mRNA level (Kavallaris et al., 1997) is the absence of 
detectable piVa- and pil-tubulin expression in both sensitive and resistant cell lines. 
Since our data established that tubulin was quantitatively recovered from cells by Taxol- 
driven polymerization (Verdier-Pinard et al., 2003), either there is an unknown bias in the 
RT-PCR results or there is a still unknown silencing mechanism of pil- and piVa-tubulin 
mRNA translation. Increased pill-tubulin expression levels have been repeatedly 
confirmed at the protein level using a variety of methods in cell lines resistant to Taxol 
(Nicoletti et al., 2001; Ranganathan et al., 1998a; Ranganathan et al., 1998b). Together 
with this present study, these observations strongly suggest that only pill-tubulin levels 
correlate with sensitivity towards Taxol (Nicoletti et al., 2001; Ranganathan et al., 1998a; 
Ranganathan et al., 1998b) and that the regulation of p-tubulin expression is even more 
complex than the autoregulatory mechanism described by Cleveland and colleagues 
(Cleveland and Sullivan, 1985). 
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4. Evaluation of Tubulin Isotype-specific Antibodies - The ability to resolve and 
identify each tubulin isotype on isoelectric focusing gels allowed us to evaluate the 
specificity of a panel of tubulin isotype-specific antibodies (Verdier-Pinard et al., 2003a). 
The anti-p-tubulin isotype monoclonal antibodies produced and characterized by Dr. 
Luduena and coworkers (Banerjee et al, 1990; Luduena, 1998) represent valuable tools 
that have helped to unravel the functional significance of the different tubulin isotypes. 
No cross-reactivity of the anti-pi-, pill-, and piV- tubulin antibodies was observed in the 
present study. This is contrary to what has been published for non-denaturing 
immunoaffinity isolation of a/p-tubulin heterodimers enriched in pi-, pil-, pill- or piV- 
tubulin isotypes (Banerjee et al., 1992; Luduena, 1998). Therefore, the presence of 
contaminating P-tubulin isotypes of a different class in these fractions is more likely due 
to heterodimer-heterodimer interactions in residual small oligomers than to cross- 
reactivity of these antibodies with multiple isotypes. However, extensive cross-reactivity 
of the anti-pil-tubulin antibody with pi-tubuUn was detected. This cross-reactivity is the 
likely reason that pil has been reported to be present in the MDA-MB 231 
(Verdier-Pinard et al., 2003a). 

5. Analysis of Tubulin isotypes by LC-MS - For these studies, microtubules were 
isolated from MDA-MB 231 cell extracts using either Taxol dependent polymerization or 
the glutamate-based purification of Sackett. Both methods yielded ~100-200 fAg of 
tubulin from ten 100 mm culture dishes of cells. For LC/ESI-MS studies, 10 jig of tubulin 
sample in 70% formic acid was loaded onto a 1 mm x 15 cm Vydac C4 column (Vydac, 
Hesperia, CA). A HP 1100 high-performance Uquid chromatography (HPLC) equipped 
with a degasser and a binary pump was used to degas the solvents and pump the solvents 
to generate acetonitrile gradients at a flow rate of 50 jil/min. Solvent A was deionized 
water containing 5% acetonitrile and 0.1% trifluoroacetic acid and solvent B was 95% 
(v/v) acetonitrile containing 0.1% trifluoroacetic acid. The sample was desalted at 5%B 
for 45 min and separated by a 3 min 5%B-40%B gradient followed by a 100 min 40%B- 
60%B and 7 min 60%B-95%B gradients and washing at 95%B for 10 min. The colunm 
effluent was delivered directly to a LCQ quadruple ion trap mass spectrometer 
(ThermoFinnigan, Riviera Beach, FL) without flow splitting. 

Figure 4 (top panel) is a representative chromatogram showing the total ion current of a 
typical human microtubule preparation. All the masses in the range of human tubulins 
were found between 44 and 60 min of the gradient, which includes the largest ion peak 
(Verdier-Pinard et al, 2003b). This result was expected, as tubulin represented the major 
protein component in the Taxol-stabilized microtubule pellets. After averaging the scans 
between 44 and 60 min, we obtained overall profiles of the deconvoluted mass peaks for 
the different tubulin proteins in both cell lines (Fig. IB and Fig. 2B). The observed 
masses matched closely those of pi-, piVb-, a6-, tyra4-, Kal-, glu-Kal- and pIII- 
tubulin, respectively (Verdier-Pinard et al, 2003b). 

-8- 



George A. Orr 

To confirai the identity of these tubulin isotypes, tryptic mass mapping of the C4- 
resolved isotypes present in A549 tubulins was performed. For these experiments, tubulin 
isotypes were separated using a 0.05%/min solvent B gradient to increase the separation 
between tubulin isotypes and the column effluent was split for fraction collection and for 
delivery to the ion trap mass spectrometer. The total ion current was deconvoluted in one 
min segments across the gradient and fractions that contained the same protein masses 
were pooled. After removal of solvents, tryptic digestion was performed and the resulting 
peptides were analyzed by MALDI-TOF MS searching for tubulin isotype-specific 
tryptic peptides (Verdier-Pinard et al, 2003b). Importantly, no peaks of significant 
intensity are observed in the regions expected for the fill tubulins. Thus the data obtained 
from the analysis of native, full length tubulins are in complete agreement with the 
isotype composition data obtained by analysis of the C-terminal tubulin peptides released 
by CNBr. All of our MS-based methods show that the 611 is not a major tubulin isotype 
in the MDA-MB 231 breast carcinoma cell line. 

6. Quantitation of Tubulin Isotype Expression by SILAC 

We have used stable isotope-containing amino acids in cell culture (SILAC) to 
differentially label proteins in Taxol-sensitive- and resistant cell lines (Ong et al, 2003). 
In the SILAC method, two cell lines are cultured for several generations in media 
containing either deuterated leucine (dj-Leu) or normal leucine (do-Leu). Figure 5 shows 
the incorporation of dg-Leu into tubulin.  After 5 days (equivalent to 5 doubling), all of 
the "light" tubulin has been replaced by its "heavy" counterpart. For relative quantitation 
of protein expression, equal amounts of total cytosolic proteins from each cell line were 
mixed and tubulins  were isolated by Taxol-induced polymerization.  For relative 
quantitation of total a- and ^-tubulin levels, the region containing tubulin was excised 
from a SDS-PAGE gel and subjected to trypsin digestion followed by MALDI-TOF mass 
spectrometry. Depending on the number of leucine residues contained in a tryptic 
peptide, this peptide was represented by two m/z peaks separated by a multiple of 3 Da in 
the mass spectra. In Figure 5, the masses of the peptides differ by 6 Da since the peptide 
contains two leucines. The signal intensity of each peak in these doublets was used to 
calculate the relative abundance of a given isotype within the two cell lines. We 
compared the tubulin content of MDA-MB-231 cell line and MDA-MB-231.K20T, a 
Taxol-resistant cell line bearing a Glul98Gly mutation in al-tubulin. Our data indicated 
that total a- and p-tubulin expression increased about 2-fold in drug-resistant MDA-MB- 
231.K20T cell line. For relative quantitation of individual tubulin isotype levels, samples 
were separated by lEF and gel bands containing a particular isotype were analyzed by 
tryptic mass mapping. In MDA-MB-231.K20T, pill-tubulin was increased by 2-fold, 
piVb decreased by 0.7-fold, Kal increased by 2-fold and a 6 increased by 1.3-fold. In 
the case of Kal, a small amount of wild type protein was detected in MDA-MB- 
231.K20T (2.5-fold less than in MDA-MB-231), whereas most of this isotype was 
represented by the more basic mutated protein. The SILAC-MS technology is a powerful 
tool for analyzing tubulin isotype expression in cell Unes, and also the differential 
expression of proteins associated with the microtubule cytoskeleton. Such quantitative 
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proteomic studies will highlight those changes in cellular microtubule composition that 
may be related to Taxol resistance. 

KEY RESEARCH ACCOMPLISHMENTS 

• Synthesis and purification of the highly divergent C-terminal peptides of the 
human tubulin isotypes including, kal, detyrosinated kal, a* , Bl, 611, BlVb, 
and phospho- and dephospho-BIII. 

• Synthesis and purification of '^ N-labeled kal and detyrosinated kal. 

• Demonstration that the ''^N- and '^N-labeled peptides are clearly resolvable by 
MALDI MS. 

• Establish that the CNBr digestion conditions are optimal for the release of the C- 
terminal tubulin peptides from nitrocellulose. 

• Developed a combined high resolution isoelectric focusing/mass spectrometry- 
based method for the analysis of tubulin isotypes, posttranslational modifications, 
and mutations from Taxol-resistant human cell lines. 

• The method was used to established the specificity of the anti-61, BII, Bill and 
6IV monoclonal antibodies. 

• Developed LC-ESI-MS for the analysis of mutations and posttranslational 
modifications to intact tubulins. 

• Characterization of the tubulin isoly pe composition of the MD A-MB 231 breast 
carcinoma cell line by 3 independent mass spectrometry-based methods. 

• The absence of BII and BlVa tubulins in the MDA-MB-231 breast carcinoma cell 
line has been confirmed by all three methods. 

• Developed the combined SELAC-MS approach for the relative quantitation of 
tubulin isotype expression in human cell lines. 

REPORTABLE OUTCOMES 

Rao, S, Aberg, F, Deng, H., Nieves, E„ Horwitz, S.B., and Orr, G.A. (2001) Analysis of 
tubulin isotype composition in human breast and lung carcinoma cell lines and tissue by 
mass spectrometry. Abstract presented at Fifth International Symposium of Mass 
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Spectrometry in the Health and Life Sciences: Molecular and Cellular Proteomics, San 
Francisco, August 2001. 

Verdier-Pinard, P., Martello, L., Wang, F., Orr, G.A., and Horwitz, S. B. Analysis of a- 
and 6 tubulin content by LC-MS and lEF in human cancer cells sensitive and resistant to 
microtubule stabilizing drugs. Abstract presented at the American Association for Cancer 
Research meeting, San Francisco, 2002 

Verdier-Pinard, P., Wang, F., Martello, L.A., Horwitz, S.B. And Orr, G.A (2002) Mass 
Spectrometry-based Analysis of Tubulin Isoforms in Taxol® Sensitive- and Resistant- 
Human Cancer Cell Lines. Abstract presented at the first annual HUPO meeting, 
Versaille, France November 2002. 

Verdier-Pinard, P., Wang, F., Martello, L.A., Burd, B.,Orr, G.A. and Horwitz, S.B. 
(2003) Analysis of Tubulin Isotypes and Mutations from Taxol-resistant Cells by 
Combined Isoelectrofocusing and Mass Spectrometry. Biochemistry 42,5349-5357. 

Orr, G.A., Verdier-Pinard, P., McDaid, H., He, L. and Horwitz, S.B. (2003) Mechanisms 
of Taxol resistance related to microtubules.(2003) Oncogene, 22,7280-7295. 

Verdier-Pinard, P., Wang, P., Burd, B., Angeletti, R.H., Horwitz, S.B., and Orr GA. 
(2003) Direct analysis of tubulin expression in cancer cell lines by electrospray 
ionization mass spectrometry. Biochemistry. 42,12019-12027. 

Verdier-Pinard, P., Burd, B., Horwitz, S.B., and Orr GA. Quantitative proteomics of 
a- and p-tubuUn isotype expression in human cancer cells. Abstract presented at the 
American Association for Cancer Research meeting, Orlando, 2004. 

PERSONNEL INVOLVED 

Dr. George A. Orr 
Dr. Susan B. Horwitz 
Ms. Berta Burd 

CONCLUSIONS 

An emerging theme in studies of Taxol resistance is that alterations to microtubule 
dynamics may be a crucial factor in the development of resistance. Microtubule assembly 
can be potentially altered by differential expression and/or posttranslational modifications 
to tubulin isotypes. Although PCR- and microarray-based technologies can be used to 
measure mRNA expression levels for tubulins, there is a need for the development of 
rapid and sensitive protein-based methods for determining the tubulin protein isotype 
composition, and characterizing posttranslational modifications to these isotypes, in drug- 
sensitive and resistant cell lines. The data presented in this progress report demonstrate 
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that mass spectrometry is a powerful approach for the compositional analysis of tubulins 
expressed in drug-sensitive and resistant cell lines. Importantly, our studies confirm an 
increased expression of Blll-tubulin in resistant cells indicating that this tubulin isotype is 
a unique marker of resistance. The information gained from these experiments will 
provide a greater understanding of the modifications that occur to microtubules when 
human breast tumors become resistant to Taxol. 
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Analysis of Tubulin Isotypes and Mutations from Taxol-Resistant Cells by 
Combined Isoelectrofocusing and Mass Spectrometry"'" 
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ABSTRACT: Six human a-tubulin and seven human yS-tubuhn isotypes, each of which can undergo 
posttranslational modifications, have been detected by the reverse transcriptase—polymerase chain reaction. 
This repertoire of tubuUn isotypes plays a role in development and in the building of specialized 
microtubule-based structures. In cell lines, the relationship between resistance to microtubule-interacting 
drugs and altered tubulin isotype expression profiles is often established by quantitation of cDNA and/or 
Western blot analysis. Tubulin mutations in major isotypes are detected by sequencing cDNA, but more 
analysis of expression of tubulin mutations at the protein level, to assess their role in drug resistance, is 
needed. We utilized a Taxol-based purification and high-resolution isoelectrofocusing combined with a 
mass spectrometry-based analysis of tubulin. This approach has allowed the separation and relative 
quantitation of tubulin isotypes having a difference in isoelectric point values of 0.01, without the need 
for two-dimensional gel electrophoresis. The specificity of tubulin isotype antibodies also has been 
established. In cell lines resistant to microtubule-stabilizing drugs that express heterozygous tubulin 
mutations, the relative amount of mutant tubulin expression has been determined. In these cell lines, the 
absence of PU- and /SFVa-tubulin has been demonstrated, and an increased level of expression of /3III- 
tubulin in resistant cells has been confirmed, indicating that this tubulin isotype is a unique marker of 
resistance. 

Studies on the microtubule cytoskeleton reveal a spectrum 
of activities from structural to mechanical to signal trans- 
duction processes (7). Mitosis is a microtubule-dependent 
process, and inhibition of mitotic spindle function represents 
the mode of action of major anticancer drugs, i.e., the taxanes 
and vinca alkaloids. Microtubules are built upon the assembly 
of a/y3-tubulin heterodimers. In human tissues, the expression 
of six a- and seven /S-tubulin isotypes has been detected 
(Table 1). Additionally, tubulin undergoes posttranslational 
modifications, and complex pattems of tubulin isoform 
expression can be observed, especially in the central nervous 
system (2). 

The existence of multiple tubulin species raises the 
question of the physiological relevance of such diversity (5). 
The greatest sequence divergence among tubulin isotypes 
resides in their C-termini (Table 1), sites that are exposed at 
the surface of microtubules and interact with microtubule- 
associated proteins and undergo posttranslational modifica- 
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tions. Specific tubulin isotypes are constituents of specialized 
microtubules (2). Moreover, alterations in tubulin isotype 
expression profiles and tubulin mutations have been reported 
in cell lines resistant to antimitotic agents (4—8). 

The expression of a given tubulin isotype in a cell line or 
tissue is usually detected by quantification and sequencing 
of RT-PCR' products. Using this method, mutations in 
tubulin have been detected in cell lines resistant to Taxol 
and the epothilones (5—8). Despite the convenience of this 
approach, it does not give direct access to the corresponding 
protein expression levels. This is particularly relevant to 
j8-tubulin mRNA because it appears to be autoregulated by 
the level of the free yS-tubulin pool in cells (9). Similarly, 
heterozygous transcriptional expression of a tubulin mutation 
does not indicate that both wild-type and mutant tubulin 
proteins are expressed and, if so, at what ratio. Antibodies 
directed against the C-terminus of each tubulin isotype and 
against some of their posttranslational modifications provide 
useful tools for evaluating their respective levels of expres- 
sion. However, possible cross-reactivity of these antibodies 
against different tubulin isotypes may introduce some quan- 
titation bias, because of the lack of resolution of the different 
tubulin isoforms by SDS-PAGE. 

' Abbreviations: RT-PCR, reverse transcriptase—polymerase chain 
reaction; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel 
electrophoresis; PBS, phosphate-buffered saline; DTT, dithiothreitol; 
IPG, iimnobilized pH gradient; lEF, isoelectric focusing; HRP, 
horseradish peroxidase; MALDI-TOF, matrix-assisted laser desorption 
ionization time-of-flight; LC—MS, liquid chromatography coupled to 
mass spectrometry; 2D, two-dimensional; pi, isoelectric point. 

10.1021/bi027293o CCC: $25.00    © 2003 American Chemical Society 
Published on Web 04/18/2003 
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Table 1: Human Tubulin Isotypes 

Isotype 
(accession #) 

Human gene C-termlnus sequence* Tissue expression Pl^ 

a-TUBULINS 

1 (177403) TUBA1/k-a1 MAALEKDYEEVGVDSVEGEGEEEGEEY Widely expressed 4.94 

1 (CAA25855) TUBA3/b-a1 MAALEKDYEEVGVElSVEGEGEEEGEEY Mainly In brain 5.02 

3 (QI3748) TUBA2 lAALEKDYEEVGVDSVESEBEE@i3J Testis-specific 4.98 

4 (A25873) TUBA4 MAALEKDYEEVG JD SDE[gE|gE@Ei Brain, muscle 4.95 

6 (Q9BQE3) TUBA6 MAALEKDYEEVGHosHSGEgJEgEBS Widely expressed 4.96 

8 (Q9NY65) TUBAS iAALEKDYEEVGHDSHEiEBlESEia Heart, muscle, testis 4.94 

P-TUBULINS 

1 (AA033873) HM40/TUBB YQDATAEEEEDFGEEAEEEA Constitutive 4.78 

II (AAH0I352) HP9/TUBB2 

H^/TUBB4 

Hp5/TUBB5 

YQDATABEESlFiEEllSEHS Major neuronal, lung 

Minor neuronal, testis 

Brain specific 

4.78 

III (AAH00748) YODATAFFEfaSffiBFliiaEEEHiaigaaa 4.83 

IVa' (P04350) 
(NP_0O6O78) 

YQDATAEl8gE|^Elg|EEB|A 
YQDATAEElaEBaaEaaEEMA 

4.81 
4.78 

IVb(P052l7) Hp2 YQDATAEEE@|F@EEAE E EBH Major testis 4.79 

V(NP_115914) 5-beta/Beta V YQDATA{!IiSE|^E{iIiEEE jEQ Uterine adenocarcinoma 4.77 

VI (NP_110400) Hpi/TUBBI BQDAiaAWiEgpaaingEaEffiijdjtiatni Blood 5.05 

° Amino acids differing from isotype 1 (Kal) for a-tubulins or from isotype I (HM40/TUBB) for /3-tubulins are highlighted in black. 'The 
isoelectric points were calculated on the basis of the tubulin primary sequences found in the NCBI protein database (accession numbers given in 
first column) using the ExPaSy Compute pI/MW tool. ' Two /SIVa-tubulin sequences with distinct C-termini were found in the NCBI protein 
database. The top C-terminus sequence was found in human brain, and the bottom sequence was found in a human oligodendroglioma and in 
mouse brain. 

We sought to perform both quaUtative and quantitative 
analysis of tubuUn content in cancer cell lines where tubulin 
represents ~3—4% of the total protein (10—12). Here we 
present a method based on Taxol-driven polymerization of 
total soluble tubulin from cell lysates. The resulting Taxol- 
stabilized microtubule pellets were analyzed by high- 
resolution isoelectrofocusing on immobilized pH gradient 
strips. Mass spectrometry analysis of in-gel tryptic digests 
definitively assigned each major tubulin species to a tubulin 
isotype class. Western blotting of these strips further 
established the specificity of tubulin isotype-specific antibod- 
ies. This methodology allowed us to evaluate the percentage 
of each tubulin isotype in cancer cell lines and to detect the 
expression of charge-altering mutations in tubulin from both 
Taxol- and epothilone-resistant cell lines. Additionally, the 
apparent absence of detectable /5II- and /3IVa-tubulin protein 
in cell lines where these isotypes were detected at the mRNA 
level demonstrated that RT-PCR-based analysis of tubulin 
isotype expression has to be interpreted cautiously. The 
increase in the level of /Slll-tubulin expression in cell lines 
resistant to microtubule-interacting drugs may represent a 
significant tubulin isotype-related marker. 

MATERIALS AND METHODS 

Chemicals. Taxol was obtained from the Drug Develop- 
ment Branch of the National Cancer Institute (Bethesda, 
MD), dissolved in sterile dimethyl sulfoxide, and stored at 
-20 °C. Trypsin was obtained from Promega (Madison, WI). 

All other chemicals were obtained from Sigma (St. Louis, 
MO) except where noted. 

Cell Culture. The human A549 lung, MDA-MB-231 
breast, HeLa cervical carcinoma, and CA46 Burkitt lym- 
phoma cell lines were maintained as described previously 
(10, 13, 14). 

Isolation of Tubulin from Cell Lines. Subconfluent cultures 
of cells from seven to ten 100 mm dishes were washed once 
with PBS and scraped in 1 mL of PBS. For CA46 cells, 250 
mL of suspension culture at a cell density of 10' cells/mL 
was centrifuged and the cell pellets were washed with PBS. 
Pellets of 0.3—0.4 mL of packed cells were obtained. One 
and one-half volumes of MME buffer [0.1 M 2-(Af-mor- 
pholino)ethanesulfonic acid (pH 6.9), 1 mM MgCli, and 1 
mM EGTA] was used to resuspend the cell pellets. The 
resulting cell suspensions were frozen in liquid nitrogen. 
Upon use, cell suspensions were rapidly thawed, and Vio 
volume of a 10-fold stock solution of protease inhibitor 
cocktail (Boehringer Mannheim) in MME buffer and 1 mM 
DTT were added. Cell suspensions were sonicated with a 
microtip probe (Ultrasonics) seven times for 30 s with 30 s 
rest intervals on melted ice. Cell lysates were centrifuged at 
120000g (Beckman TLA100.3 rotor) for 1 h at 4 °C. 
Cytosolic supematants (SI) were transferred to new tubes, 
and the DNA and cell debris pellets (PI) were discarded. 

Taxol-stabilized microtubule pellets were isolated by 
following the method of Vallee {15). In brief, cytosolic 
supematants were incubated at 37 °C in the presence of 10 
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FIGURE 1: Taxol-based purification of tubulin from A549 cells. 
(A) Tubulin purification scheme (see Materials and Methods for 
details): PI, DNA and cell debris pellet; SI, cytosolic extract; PE, 
Taxol-stabUized microtubule pellet; SII, supernatant II; PEI, washed 
Taxol-stabilized microtubule pellet; SHI, supernatant in. (B) The 
different fractions were analyzed by SDS—PAGE (10% acrylamide 
gel, MW markers indicated on the left), and the gel was stained 
with Coomassie blue. (C) After SDS—PAGE of the same fractions, 
proteins were transferred to a nitrocellulose membrane that was 
probed with a pan a-tubulin antibody. 

//M Taxol and 1 mM GTP for 20 min. Reaction mixtures 
were layered on a 0.1 mL cushion containing 5% sucrose in 
MME, 10 IJM Taxol, and 1 mM GTP. Samples were 
centrifuged at SOOOOg (Beckman TLA100.3 rotor) for 30 min 
at 37 °C. Microtubule pellets (PII) were washed and 
resuspended in 0.1 mL of MME buffer containing 0.35 M 
NaCl and 10 /iM Taxol. After centrifugation at SOOOOg for 
30 min at 37 °C, microtubule pellets (PIII) were frozen on 
dry ice and kept at —70 °C until they were used. The Taxol- 
based purification of tubulin from A549 cells was monitored 
by SDS-PAGE and Western blot analyses (Figure 1) using 
either DM1 A, a pan a-tubulin antibody, or DM IB, a pan 
yS-tubulin antibody (Biogenex, San Ramon, CA), and pure 
bovine brain tubulin as a standard (Cytoskeleton Inc., Denver, 
CO). 

Isoelectric Focusing. Microtubule pellets (containing ap- 
proximately 100—200 ng of protein) were resuspended in 
350 jjL of solubilization buffer {7 M urea, 2 M thiourea, 
4% 3-[(3-cholamidopropyl)dimethylammonio]-l-propane- 
sulfonate, 0.5% Triton X-100, 0.5% ampholyte-containing 
buffer (pH 4.5-5.5), 20 mM DTT, and bromophenol blue}, 
loaded onto 18 cm IPG strips at pH 4.5-5.5 (Amersham 
Pharmacia Biotech), and run on an IPGphor lEF system for 
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a total of 70 000 Vh. IPG strips were then stored at -20 °C. 
Prior to use, IPG strips were incubated in equilibration buffer 
[125 mM Tris-HCl (pH 6.8), 5% y3-mercaptoethanol, and 1% 
SDS] for 2 X 20 min each, and then incubated in IPG strip 
transfer buffer [25 mM Tris-HCl (pH 8.3) and 192 mM 
glycine] for 20 min. 

Coomassie Blue Staining. IPG strips were fixed in a 50% 
methanol/20% trichloroacetic acid mixture for 30 min, 
stained with 0.1% R250 Coomassie blue in a 50% methanol/ 
10% acetic acid mixture, destained in a 35% methanol/10% 
acetic acid mixture, incubated for 30 min in 2% glycerol, 
layered on filter paper with the plastic backing facing the 
paper, covered with a piece of transparent plastic sheet, and 
air-dried prior to scanning. IPG strips were scanned and 
bands quantitated using Image Quant (Amersham). 

Western Blotting of IPG Strips. IPG strips were elec- 
trotransferred onto nitrocellulose membranes with the gel 
facing the membrane (without removing the plastic backing 
from the strip) and transferred for approximately 20 h at 100 
mA. Only a partial transfer of proteins was achieved, and 
after being transferred, strips were directly fixed and stained 
with Coomassie blue stain (see above) so that the blots and 
gel could be aligned. 

The jS-tubulin isotype content was examined using a panel 
of mouse monoclonal antibodies directed against the C- 
terminus of ySI-, y3II-, ;SIII-, and ySlV-tubuUns originally 
produced by R. F. Ludueiia and co-workers. The anti-ySI- 
tubulin antibody (generous gift from R. F. Ludueiia) was 
used at a 1:10000 dilution; the anti ySlI-, )SIII-, and jSIV- 
tubulin antibodies (Biogenex) were used at a 1:250 dilution, 
and a goat anti-mouse HRP-hnked IgG was used as the 
secondary antibody (1:2000 dilution, Transduction Labora- 
tories, San Jose, CA). 

Membranes were probed for a-tubulin isotypes with an 
anti-Kal-tubulin rabbit polyclonal antibody (SRal) at a 
1:20000 dilution or an anti-a6-tubulin rabbit polyclonal 
antibody (SRa6) at a 1:5000 dilution. A donkey anti-rabbit 
HRP-Unked IgG was used as the secondary antibody (1:2000 
dilution, Amersham). Antibodies SRal and SRa6 were 
prepared using synthetic C-terminus peptides GVDSVEG- 
EGEE and GADSADGEDEG as antigens, respectively. A 
Cys residue was added at the N-terminus of these peptides 
for their conjugation to maleimide-activated keyhole limpet 
(Pierce, Rockford, IL). The conjugated peptides were injected 
into rabbits, and bleeds were analyzed by an enzyme-linked 
immunosorbent assay using the same Kal- and a6-tubulin 
C-terminus peptides conjugated to maleimide-activated bo- 
vine serum albumin (Pierce). All blots were visualized using 
an enhanced chemiluminescence detection system (Amer- 
sham). 

The only major non-tubulin proteins in the salt-extracted 
microtubule pellets (PIII) were y- and /3-actin, whose pis 
are more basic than those of the tubulins. Blots were probed 
with a monoclonal anti-actin antibody (1:1000 dilution, clone 
AC-40, Sigma), allowing precise alignment of the different 
blots and the corresponding transferred Coomassie blue- 
stained gel. Membranes were first probed with a tubulin 
isotype-specific antibody and then with the anti-actin anti- 
body, and finally, they were stripped before another tubulin 
isotype-specific antibody was used. 

IPG Strip in-Gel Trypsin Digestion. IPG strips were 
stained with imidazole and zinc salts according to the 
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procedure of Castellanos-Serra et al. (16). Tubulin binds zinc, 
and positively stained tubulin bands appeared. The bands 
were cut with the plastic backing using scissors, washed with 
1 mL of water (2x5 min, 1x10 min), and dehydrated in 
90% aqueous acetonitrile (0.5 mL, 2 min). After centrifugal 
evaporation of residual acetonitrile, 25 /iL of 12.5 ng//iL 
trypsin in 20 mM ammonium bicarbonate buffer (pH 8.3) 
containing 80 mM glycine was added to each tube. Trypsin 
digestion was performed at 37 °C overnight with constant 
shaking. The supernatant was desalted on a Millipore C18 
Ziptip, and the tryptic peptides were eluted from the ZipTip 
with 4.0 ^L of a 50% acetonitrile/H20 mixture containing 
0.1% trifluoroacetic acid. 

Protein Identification. One microliter of a tryptic peptide 
mixture was mixed with 1 ^L of a saturated a-cyano-4- 
hydroxycinnamic acid solution in a 50% acetonitrile solution 
containing 0.1% TFA, and 1 ^L of the resulting solution 
was deposited on a clean mass spectrometer probe surface. 
Mass spectra were recorded in the positive or negative mode 
on a Voyager-DE STR MALDI-TOF mass spectrometer 
(PerSeptive Biosystems, Framingham, MA) equipped with 
a 2.0 m flight tube and a 337 nm nitrogen laser. Protein 
identification was accomplished through a database search 
(Swiss-Prot and NCBI) using MS-Fit and Propound programs 
(Homo sapiens/Mus musculus, mass measurement error 
within 1 Da, partially oxidized methionine, average and/or 
monoisotopic masses, and two maximum miscleavages). The 
isoelectric point for each tubulin was calculated using the 
Compute MW/p/ tool from the ExPaSy Web site. 

RESULTS 

Taxol-Based Purification of Tubulin from Cell Lines. Taxol 
microtubule pellets were isolated from cell lines using the 
method of Vallee {15). A representative preparation of 
tubulin from A549 cells is presented in Figure 1. There was 
no detectable tubulin in the first pellet (PI) containing cell 
debris and DNA, indicating that essentially all tubulin in the 
cell lysate (SI) was present in a soluble form. Tubulin 
polymerization by Taxol was quantitative as 98% of the 
tubulin present in SI was recovered in the Taxol-stabilized 
microtubule pellet (PII). The Taxol-stabilized microtubule 
pellet was washed with NaCl to release microtubule- 
associated proteins (MAPs). The resulting pellet (PHI) was 
highly enriched in tubulin, but a significant presence of 
tubulin was observed in SIII. Nevertheless, this loss from 
PHI was random regarding tubulin isotypes (data not shown) 
and most likely represented denatured tubulin. Therefore, the 
final microtubule pellet, PIII, was representative of cellular 
tubulin composition. We estimated that ~0.3 mg of tubulin 
was obtained from each preparation. Tubulin represented 
~2% of total protein and approximately 5% of total soluble 
proteins in A549 cells. 

Separation of Tubulin Isotypes by Isoelectric Focusing. 
IPG plates (pH 4.5-5.4) and IPG strips (pH 4-7) have been 
previously used to separate tubulin isoforms (17—19), but 
as indicated in Table 1, differences in pi values between two 
isotypes can be as small as 0.01. Only narrow-range IPG 
gels (pH 4.5—5.5) can resolve tubulin isotypes with such 
small differences in pl values. The length of the IPG gel 
and the shape of the pH gradient are also factors that increase 
the maximum separation of proteins. Therefore, we used 18 
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FIGURE 2: BEF-based analysis of tubulin isotypes in A549 and 
A549-T12 cells. (A) Schematic representation of an IPG strip (pH 
4.5—5.5). Predicted positions of tubulin isotypes present in A549 
cells are depicted as vertical black bands. A gray band indicates 
the predicted position of the mutant Kal-tubulin present in A549- 
T12 cells. Bands were numbered from the most acidic to the most 
basic pl value. (B) Tubulin isotypes present in Taxol-stabilized 
microtubule pellets from A549 (left) or A549-T12 (right) were 
separated by lEF on 18 cm IPG strips and electrotransferred to 
nitrocellulose membranes: lane 1, IPG strips stained with Coo- 
massie blue after electrotransfer; lane 2, blots probed with anti- 
a6-tubulin antibody; lane 3, blots probed with anti-Kal-tubulin 
antibody; lane 4, blots probed with anti-ySIII-tubulin antibody; lane 
5, blots probed with anti-;8IV-tubuIin antibody; lane 6, blots probed 
with anti-;8l-tubulin antibody; lane 7, blots probed with anti-jSlI 
antibody. Asterisks denote minor acidic isoforms (see the Results). 

Table 2: pi Differences between Tubulins 

Apl calculated measured" 

a6 - Kal +0.020 4-0.017 
mutant Kal - Kal 4-0.040 -1-0.044 
pm - pi -1-0.050 4-0.055 
jSrVb-;8I -FO.OlO 4-0.011 
glu Kal - Kal -0.030 -0.033 
glu;3in-/8lll -0.030 -0.027 

° Based on distances between bands (linear pH gradient). 

cm IPG strips with a linear pH gradient from 4.5 to 5.5, on 
which tubulin bands having a pl difference of only 0.01 could 
be separated from each other by 2 mm. To visualize tubulin 
isotypes, tubulin in cell extracts was purified and concen- 
trated by Taxol-driven polymerization. This approach al- 
lowed us to use Coomassie blue staining of the IPG strips. 
On the basis of our previous studies in A549 non-small cell 
lung carcinoma cells (75, 14), we expected to find the 
following tubulin isotypes from acidic to basic pi: ySI-, 
;8lVb-, ;8III-, Kal-, and a6-tubulin. Lane 1 in Figure 2B 
shows that we effectively separated four major protein bands 
contained in Taxol-stabilized microtubules from A549 cells. 
Two bands were in the pi range expected for most ;S-tubulins, 
and two bands were in the pi range for a-tubulins (Table 1 
and Figure 2A). In A549-T12 cells, an A549 Taxol-resistant 
cell line containing a Ser to Arg substitution at residue 379 
in Kal-tubulin, an additional major band in the pi range for 
a-tubulins and a minor band with an intermediate pi between 
those of a- and ^S-tubulins were observed. The differences 
in pi observed between each band on the IPG strips stained 
with Coomassie blue matched the calculated pi differences 
between jSI-, ;8IVb-, and )8III-tubulin and between Kal- and 
a6-tubulin (Table 2). The minor band in A549-T12 matched 
the expected position for /Slll-tubulin, and the major ad- 
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Table 3; Analysis of Tryptic Digests from lEF Gel Bands by MALDl-TOF Mass Spectrometry 

lEF gel piece" tubulin isotype-specific peptide' 

measured calculated 
mass of mass of Amass 

peptide (Da)      peptide (Da)       (Da) 
protein 

determination'^ 

band 1 47lSVYYNEATGGK5g 
283ALTVPELTQQVFDAK297 
363MAVTFIGNSTAIQELFK379 

band 2 63AVLVDLEPGTMDSVR77 
20FWEVISDEHGIDPTGTYHGDSDLQLER46 

band 3 i5sVREEYPDRi62 
310YLTVATVFR318 
47ISVYYNEASSHK58 
363MSSTFIGNSTAIQELFK379 
217LATPTYGDLNHLVSATMSGVTTSLR241 
2i7LATPTYGDLNHLVSATMSGVTTSLR24i(MSO) 
20FWEVISDEHGIDPSGNYVGDSDLQLER46 

band 4 340SIQFVDWCPTGFK352 
2S1AYHEQLSVADITNACFEPANQMVK304 (MSO) 
423EDMAALEKDYEEVGVDSVEGEGEEEGEEY451'' 

band 5 431DYEEVGADSADGEDEGEEY449'' 
281AYHEQLTVAEITNACFEPANQMVK304 (MSO) 
423EDMAALEKDYEEVGADSADGEDEGEEY449'' 

1300.7 1300.6 -0.1 ^I-tubulin 
1658.6 
1869.2 

1658.9 
1869.0 

0.3 
-0.2 

55% sequence coverage 

1600.7 1600.8 0.1 ;8IVb-tubulin 
3115.6 
1062.7 

3115.4 
1062.5 

-0.2 
-0.2 

49% sequence coverage 
/SlU-tubulin 

1068.8 
1396.6 

1068.6 
1396.7 

-0.2 
0.1 

42% sequence coverage 

1872.6 1872.0 -0.6 
2604.7 2604.3 -0.4 
2620.5 2620.3 -0.2 
3076.8 3076.4 -0.4 
1527.5 1527.7 0.2 Kal-tubulin 
2694.0 
3235.4 

2694.2 
3235.3 

-0.2 
-0.1 

60% sequence coverage 

2077.8 2077.7 -0.1 a6-tubulin 
2706.5 
2964.9 

2706.3 
2965.1 

-0.2 
0.2 

56% sequence coverage 

" lEF gel pieces were numbered from the most acidic to the most basic protein band (see Figure 2A). ' Identified peptides and combinations of 
peptides specific for a tubulin isotype. MSO represents oxidized methionine. '^ Sequence coverage was calculated on the basis of all the matched 
tryptic peptides, i.e., tubulin isotype-specific and shared peptides detected.'' Detection of these peptides was greatly improved in the negative 
mode. 

ditional band, with the most basic pi, matched the position 
of Kal-tubulin harboring the Ser379Arg mutation (20). The 
Coomassie blue-stained IPG strips shown in Figure 2 (lane 
1) were stained after electrotransfer onto nitrocellulose 
membranes, indicating that only a small portion of the 
proteins in each band was effectively transferred. 

Validation of Tubulin Isotype Positions on IPG Strips by 
MALDI-TOF Mass Spectrometry. The position of each 
tubulin band on the IPG strips was definitively assigned by 
performing in-gel trypsin digestion followed by analysis of 
the respective tryptic digests by MALDI-TOF MS (Table 
3). The major tubulin species were assigned numbers from 
1 to 6 from the most to the least acidic tubulin, i.e., from 
;3l-tubulin to the mutant Kal-tubulin present in A549-T12 
microtubules (Figure 2A). After tryptic digestion of each 
excised band, mass analysis detected several isotype-specific 
tryptic peptides that confirmed the assignment of each band 
to an individual tubulin isotype class based on the sequence- 
derived pi values (see above). For band 6, corresponding to 
the mutant Kal-tubuUn, the tryptic peptide profile was 
identical to the wild-type Kal-tubulin peptide profile, except 
that the ion with an mJz ratio of 1808.5, corresponding to 
the peptide 374—390, was not detected, whereas an additional 
ion with an m/z ratio of 1203.5 was present (data not shown). 
The Ser379Arg replacement in the mutant Kal-tubulin 
introduces an additional trypsin cleavage site in the wild- 
type peptide 374-390 (m/z ratio of 1808.1), resulting in two 
new tryptic peptides, peptide 374—379 (m/z ratio of 691.9) 
that was not detected and peptide 380—390 (m/z ratio of 
1203.3) that was detected. 

Probing of lEF Western Blots with Tubulin Isotype- 
Specific Antibodies. A polyclonal anti-a6-tubulin antibody 
recognized one band at the position corresponding to a6- 
tubulin (Figure 2B, lane 2). Our anti-Kal-tubulin antibody 
was apparently also reacting with the a6-tubulin band and 
labeled the band corresponding to the mutant Kal-tubulin 
from A549-T12 (lane 3). A minor a-tubulin species, having 

a pi more acidic than that of Kal-tubulin, was also labeled 
with this antibody and corresponded most likely to mono- 
glutamylated Kal-tubulin (Table 2) (14). The anti-ySIII-, anti- 
jSlV-, and anti-/SI-tubulin antibodies (Figure 2B, lanes 4—6, 
respectively) were remarkably specific, each of them labeling 
only the respective band for /SIII-, j8IV-, and jSl-tubulin. In 
the case of ;8III-tubulin, a second minor band was labeled 
and could correspond to either monoglutamylated or phos- 
phorylated jSIII-tubulin (Table 2; see the Discussion). The 
anti-ySIV-tubulin antibody labeled one band corresponding 
to ySIVb-tubulin. No labeling occurred at positions expected 
for either of the two possible jSlVa-tubulin isotype sequences 
(Table 1). As expected, the anti-j5II-tubulin antibody and the 
anti-y3I-tubulin antibody labeled the same band because these 
two tubulin isotypes have the same pi value (Figure 2B, lane 
7). Because of the previously mentioned potential cross- 
reactivity of this antibody with ySl-tubulin (21) and the 
reported presence of ^Sll-tubulin mRNA in these cells (13), 
we further examined the reactivity of this antibody (see 
below). The fact that none of the nine j6II-tubulin-specific 
peptides were found in the tryptic digest of the jSI-tubulin 
band (Table 3) strongly suggested that the anti-ySlI-tubulin 
antibody was cross-reacting with ;Sl-tubulin. 

Relative Quantitation of Tubulin Isotypes in A549 and 
A549-T12 Cells. We evaluated the amount of total a-tubulin 
and total /3-tubulin by Western blot analysis after complete 
transfer of tubuhn from a SDS—PAGE gel loaded with the 
different fractions presented in Figure 1. Using a standard 
curve with bovine brain tubulin and a pan a- or a pan 
/S-tubulin antibody, we obtained an a:y3 tubulin ratio of 1.1 
± 0.12. This ratio is close to the theoretical ratio of 1, 
considering that microtubules are formed of tubulin (x//3 
heterodimers. However, the same evaluation of total a-tu- 
bulin and total yS-tubulin by Western blot analysis, after 
transferring lEF gels to nitrocellulose, was not possible 
because, as mentioned above, only a portion of the tubulin 
contained  in each  band  transferred  to  the  membrane. 
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FIGURE 3: Tubulin isotypes in human cancer cell lines. Tubulin 
was isolated from parental and drug-resistant cell lines and analyzed 
by lEF. (A) Lane 1, A549 tubulin isotypes stained with Coomassie 
blue; lane 2, A549-EpoB40 tubulin isotypes stained with Coomassie 
blue; lane 3, A549-EpoB40 tubulin isotypes blotted on a nitrocel- 
lulose membrane that was probed with anti-/SI-tubulin antibody; 
lane 4, A549*EpoB40 tubulin isotypes blotted on a nitrocellulose 
membrane that was probed with anti /Sll-tubulin antibody. Asterisks 
denote minor acidic isoforms. (B) Lane 1, MDA-MB-231 tubulin 
isotypes stained with Coomassie blue; lane 2, MDA-MB-231 •K20T 
tubulin isotypes stained with Coomassie blue; lane 3, MDA-MB- 
231-KIOT tubulin isotypes blotted on a nitrocellulose membrane 
that was probed with anti-/3I-tubulin antibody. (C) CA46 (lane 1) 
and HeLa (lane2) tubulin isoforms were stained with Coomassie 
blue. 

Therefore, we stained the lEF gels with Coomassie blue and 
quantified each tubulin band, and when we summed all the 
signals from the a-tubulin bands or all the signals from 
y3-tubulin bands, the resulting ratio of total a-tubulin to total 
/8-tubulin was greater than 1 (1.4 ± 0.45 for A549 1.5 ± 
0.33 for A549-T12). This ratio was dependent on tubulin 
concentration, and the ratio decreased to 1.1 when the lEF 
gels were loaded with a larger amount (>200 ^g of protein) 
of tubulin (see Figure 3 A, lane 1). When Fast green was 
used as the stain in place of Coomassie blue, the same 
differential staining between a- and y3-tubulin was observed 
(data not shown). It would appear that this excess of 
a-tubulin over /S-tubulin is only apparent and is due to 
differential staining of a- and j8-tubulin by Coomassie blue. 
For this reason, on Coomassie blue-stained lEF gels, the 
relative amount of a particular a-tubulin or a particular 
jS-tubulin isotype was calculated as a percentage of the total 
a-tubulin or total /?-tubulin, respectively. From at least three 
independent measurements, /3I- and /SIVb-tubulin in A549 
microtubules represented 66 ± 10.3 and 29 ± 1.2% of total 
/3-tubulin, respectively. In most samples, flll could not be 
detected by Coomassie blue staining except when a larger 
amount of protein was loaded on the lEF gel (Figure 3A, 
lane 1). Kal- and a6-tubulin in A549 represented 66 ± 1.4 
and 34 ± 1.3% of the total a-tubulin, respectively. In A549- 
T12, /SI-, /SIVb-, and /Slll-tubulin represented 56 ± 5.0, 38 
± 4.0, and 6 ± 4.0% of the total ^-tubulin, respectively. 
Kal-tubulin, a6-tubulin, and the mutant Kal-tubulin rep- 
resented 41 ± 3.6, 28 ± 6.0, and 30 ± 2.4% of the total 
a-tubulin, respectively. These relative percentages of the 
different tubulin isotypes were similar regardless of the 
amount of protein loaded on the lEF gel or whether 
Coomassie blue or Fast green was used as a stain. 

Expression of Tubulin Isotypes and of pi-Tubulin Muta- 
tions in Cell Lines. We have examined the tubulin isotype 
composition in other cell lines. Some of these cell lines were 
resistant to Taxol or epothilones and harbored pl-altering 
mutations in /Sl-tubulin. The A549-derived epothilone B- 
resistant cell line, A549-EpoB40, has a jSIGln292Glu muta- 
tion (5), and we observed the expected shift of jSI-tubulin to 
a more acidic pl with no change in the pis of other tubulins. 
However, an apparent decrease in the amount of /SIVb- 
tubulin was noted (Figure 3A, lane 2). Western blotting with 
the anti-ySI-tubulin antibody confirmed that the jSI-tubulin 
shifted to a more acidic pi and demonstrated that only the 
mutant ySI-tubulin, but not the wild type, was expressed in 
this cell line (lane 3; see the Discussion). When the anti- 
;8II-tubulin antibody was used, the same labeling pattern was 
obtained as with the anti-ySI-tubulin antibody. Importantly, 
there was no labeling at the position corresponding to ySII- 
tubulin or wild-type ySI-tubulin, confirming the cross- 
reactivity of the anti-j8II-tubulin antibody with ;8I-tubulin 
(lane 4). The tubulin expression profile in MDA-MB-231 
breast cancer cells was not significantly different from the 
A549 tubulin profile (Figure 3B, lane 1). The MDA-MB- 
231.K20T cell line has a /SIGlul98Gly mutation {22), and 
we observed the expected shift of y3I-tubulin to a more basic 
pi (lane 2). Western blotting with the anti-j8I-tubulin antibody 
confirmed that the j8I-tubulin shifted to a more basic pl and 
demonstrated that most of the ;SI-tubulin consisted of mutant 
protein with possibly a trace of wild-type protein (lane 3; 
see the Discussion). The same labeling pattern was observed 
with the anti-/3II antibody (data not shown). Moreover, in 
this resistant cell line, ySP/b-tubulin, when observed, appeared 
only as a faint band by Coomassie blue staining compared 
to the parental cell line. These observations were in agree- 
ment with RT-PCR quantitative results on this cell line.^ In 
the Burkitt's lymphoma cell Une CA46, we observed only 
two major tubulins, pi- and Kal-tubulin, and two minor 
tubulins, jSIVb- and a6-tubulin (Figure 3C, lane 1). In HeLa 
cells, the tubulin profile was very similar to A549 and MDA- 
MB-231 profiles except that there was an apparent increase 
in the level of monoglutamylated Kal and possibly mono- 
glutamylated ySI-tubulin (lane 2). 

DISCUSSION 

Alterations in tubulin isotype expression and introduction 
of point mutations into one or both alleles of specific tubulin 
genes have been associated with resistance to microtubule- 
stabilizing agents. RT-PCR analysis, although useful for 
RNA quantitation and sequencing, does not provide insight 
into the levels of protein expression. With the advent of 
proteomic-based approaches, it becomes clear that there can 
be a discrepancy between mRNA transcripts and correspond- 
ing protein levels (25, 24). 

The isolation of tubulin from cell extracts using Taxol- 
driven polymerization coupled to high-resolution lEF enabled 
us to easily visualize and analyze the different tubulin 
isoforms present in cancer cell lines. We confirmed the 
presence of the tubulin isotypes in A549 and MDA-MB- 
231 cell lines identified previously by MALDI-TOF mass 
spectrometry analysis of C-terminal tubulin peptides {14). 

^ K. Wiesen, unpublished observations. 
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Because the C-terminal sequence obtained previously by MS/ 
MS for a*-tubulin (14) matches the C-terminal sequence of 
the recently described human a6-tubulin, and because in the 
study presented here a protein having the pi value predicted 
for human a6-tubulin was detected and confirmed as being 
a6-tubulin by peptide mapping, we consider them to be 
identical. An increase in the level of ySIII-tubulin was detected 
in A549-T12 cells compared to the parental A549 cells, 
which is in agreement with previous immunofluorescence 
studies (7i). A minor /?III-tubulin species that corresponded 
most likely to monoglutamylated or phosphorylated /3III- 
tubulin was also detected. Only monoglutamylated /Sl-tubulin, 
identified previously by MALDI-TOF mass spectrometry 
analysis of C-terminal tubulin peptides (14), was not readily 
detected by Western blotting (14). In all the IPG strips stained 
with Coomassie blue, we generally observed a barely 
detectable band at the position of monoglutamylated ySI- 
tubulin, whereas a band at the position of monoglutamylated 
Kal-tubulin was clearly visible and was detected by the anti- 
Kal-tubulin antibody. Non-neuronal polyglutamylases gen- 
erate these isoforms (25), but the process that limits the 
glutamylation to only one residue is unclear. The higher 
percentage of stable microtubules in the brain may favor 
extensive polyglutamylation, and conversely, the greater 
dynamicity of cancer cell microtubules (26) may limit 
polyglutamylase activity. Noticeably, known posttranslational 
modifications of tubulin are predicted to induce a shift in pi 
values. This is exemplified with the highly modified brain 
tubulin that appears as multiple bands on IPG strips and gels 
(17, 18). 

In our previous approach, C-terminal peptides were not 
separated prior to MALDI-TOF mass spectrometry analysis 
(14). ySIII-Tubulin was not detected, and ySIVb-tubulin 
represented a very small amount of C-terminal peptide. In 
this case, ions for minor tubulin species such as /Slll-tubulin 
or jSlVb-tubulin could have been suppressed by the presence 
of the more highly abundant tubulin C-terminal peptides and/ 
or because of differential ionization efficiencies of the various 
peptides. These technical limitations are overcome in the 
present isoelectrofocusing/mass spectrometry approach where 
the total amount of each tubulin isotype is analyzed directly, 
giving a better appreciation of isotype ratios. Our quantitation 
of Coomassie blue-stained lEF gels is still only relative. 
Nevertheless, when LC—MS was used to analyze the same 
Taxol-stabilized microtubule pellet from A549 and the 
deconvoluted mass peaks corresponding to each tubulin 
isotype were integrated, similar relative percentages were 
obtained.' Interestingly, the ratios of Kal-tubulin to /3I- 
tubulin and a6-tubulin to ySIVb-tubulin are close to 1 in the 
cell lines that have been examined so far. In CA46 Burkitt's 
lymphoma, a6- and y5IVb-tubulin are both minor species. 
This trend suggests that there could be a specific pairing of 
a particular a-tubulin isotype with a particular y3-tubulin 
isotype, and we plan to investigate the possibility of such 
cUp subunit sorting. 

The most striking difference between our analysis of 
tubulin isotype expression at the protein level (ref 14 and 
this study) and previous studies at the mRNA level (13) is 
the absence of detectable ySlVa- and jSII-tubulin expression 

' P. Verdier-Pinard, manuscript in preparation. 

in both sensitive and resistant cell lines. In A549, jSIII-, /SII-, 
ySIVa-, and ySlVb-tubulin mRNA were present at low and 
similar levels (RT-PCR tubulin isotype:y32-microglobin ratio 
of ~0.15) that were approximately 10 times lower than that 
of /Sl-tubulin mRNA (RT-PCR ratio of ~1.5). A 2-fold 
increase in ySIII-, fill-, and jSlVa-tubulin mRNA levels was 
observed in A549-T12 (13). In agreement with the results 
presented here, both ;3II- and /SIVa-tubulin isotypes could 
not be detected by MALDI-TOF mass spectrometry of 
C-terminal peptides derived from total A549 cell extracts 
(14). The reasons for the discrepancy between tubulin isotype 
mRNA and protein expression levels are not clear, but such 
differences have been observed for other proteins (23, 24). 
Since our data established that tubulin was quantitatively 
recovered from cells by Taxol-driven polymerization (Figure 
1), either there is an unknown bias in the RT-PCR results or 
there is a still unknown silencing mechanism of ySlI- and 
ySIVa-tubulin mRNA translation. Increased ySIII-tubulin ex- 
pression levels have been repeatedly confirmed at the protein 
level using a variety of methods in cell lines resistant to Taxol 
(13, 27-30). Together with the study presented here, these 
observations strongly suggest that only /Slll-tubulin levels 
correlate with sensitivity toward Taxol (13,27—30) and that 
the regulation of/S-tubulin expression is even more complex 
than the autoregulatory mechanism described by Cleveland 
and colleagues (9). 

Mutations that produce a change in charge are likely to 
have a significant effect on protein function and/or drug 
binding. In the case of tubulin, we and others have obtained 
such mutations in cell lines selected for resistance to 
microtubule-stabilizing drugs (5—8). When analyzed by two- 
dimensional gel electrophoresis, the wide pH range used in 
the first dimension resulted in a poor resolution of the spots 
corresponding to wild-type and mutant proteins and pre- 
vented quantitation. Like the expression of a particular 
isotype, the detection of wild-type and mutant mRNA of a 
specific tubulin does not indicate that it is translated and, if 
so, at what ratio. Most likely, mutations affect only one allele 
(8), and it is expected that both tubulin isoforms would be 
produced in equal amounts. We found that situation in A549- 
T12, where the percentage of wild-type Kal-tubulin de- 
creased at the expense of mutant Kal-tubulin (~30% of the 
total a-tubulin). But in two cell lines, MDA-MB-231-K20T 
and A549-EpoB40, the wild-type y3I-tubulin mRNA was not 
detected by RT-PCR (5, 22) and only the mutant protein 
was detected in these cells. The heterozygous status would 
need to be checked at the DNA level, and if confirmed, it 
would imply a silencing mechanism of the wild-type allele 
(8). If a mutation in tubulin plays a role in resistance to 
microtubule-interacting agents, the ratio of mutant tubulin 
to wild-type tubulin in a cell should influence the degree of 
resistance. In fact, when equal amounts of wild-type and 
mutant tubulin are expressed, the level of resistance to Taxol 
tends to be lower than when only the mutant tubulin is 
expressed (5, 8, 13). 

The anti-;8-tubulin isotype monoclonal antibodies produced 
and characterized by R. F. Ludueiia and co-workers (31— 
33) represent valuable tools that have helped to unravel the 
functional significance of the different /3-tubulin isotypes. 
No cross-reactivity of the anti-ySI-, anti-/SIII-, and anti-ySIV- 
tubulin antibodies was observed in this study. This is contrary 
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to what has been published for nondenaturing immunoaffinity 
isolation of a//S-tubulin heterodimers enriched in ySI-, ySlI-, 
pm-, or /SlV-tubulin isotypes (27, 31, 34, 35). Therefore, 
the presence of contaminating yS-tubulin isotypes of a 
different class in these fractions is more likely due to 
heterodimer—heterodimer interactions in residual small oli- 
gomers than to cross-reactivity of these antibodies with 
multiple isotypes. However, extensive cross-reactivity of the 
anti-y5II-tubulin antibody with ySI-tubulin was confirmed. The 
peptide EGEEDEA that was used to generate the anti-/SII- 
tubulin antibody is from the C-terminal sequence of chicken 
/Sll-tubulin (EEGEDEA in humans; see Table 1) (27). The 
human /Sl-tubulin C-terminus contains the sequence GEE- 
AEEEA, so it is possible that the anti-ySII-tubulin recognizes 
the GEE sequence present in the ;SI-tubulin C-terminus. 
Recently, Arai et al. (56) described an anti-^SII-tubulin 
polyclonal antibody that specifically recognized the EEEE- 
GED sequence of the human ^Il-tubulin C-terminus and did 
not cross-react with C-terminal peptides of other /3-tubulin 
isotypes. The peptide EAEEEVA that is common to /SIVa 
and ySlVb was used to generate the anti-^SIV-tubulin antibody 
(34). Thus, both isotypes, with clearly distinct pis, can be 
labeled with this antibody. However, we have observed only 
the presence of jSIVb-tubulin in the cell lines examined so 
far. 

There are fewer a-tubulin isotype-specific antibodies 
available (57). A rabbit polyclonal antibody against human 
a6-tubulin, made in our laboratory by S. Rao, did not cross- 
react with Kal-tubulin. However, the anti-Kal-tubulin 
polyclonal antibody cross-reacted with a6-tubulin. Further 
testing of these antibodies on samples containing different 
a-tubulin isotypes will permit a more extensive definition 
of their specificity. Altogether, our approach provides a 
method for screening the specificity of antibodies directed 
against mbulin isotypes and establishes that the anti-/SI-, anti- 
/SIII-, anti-ySrV-tubulin antibodies are highly specific. 

A similar analysis of tubulin isotypes at the protein level 
in human tumor biopsies would provide an alternative to RT- 
PCR for investigating the clinical relevance of differential 
expression of tubulin isotypes in relation to the responsive- 
ness of patients to microtubule-interacting drugs. Recent 
clinical data from non-small cell lung cancer patients 
indicated that both jSIII-tubulin mRNA levels (38) and ySIII- 
tubulin protein levels (59) were higher in tumors that did 
not respond to taxane-based treatment. Finally, the micro- 
tubule cytoskeleton appears to be increasingly involved in 
several neurodegenerative diseases (40—45), and comparative 
analysis of tubulin protein expression with normal tissue 
would provide greater insight into these pathologies. 
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Direct Analysis of Tubulin Expression in Cancer Cell Lines by Electrospray 
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ABSTRACT: Differential expression of tubulin isotypes, mutations, and/or post-translational modifications 
in sensitive and Taxol-resistant cell lines suggests the existence of tubulin-based mechanisms of resistance. 
Since tubulin isotypes are defined by their C-terminal sequence, we previously described a matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry-based analysis of tubulin diversity in human 
cell lines by analysis of their CNBr-released C-terminal peptides [Rao, S., Aberg, P., Nieves, E., Horwitz, 
S. B., and Orr, G. A. (2001) Biochemistry 40, 2096—103]. We now describe the liquid chromatography/ 
electrospray ionization mass spectrometry analysis of native tubulins in Taxol-stabilized microtubules 
from parental and Taxol/epothilone-resistant human cancer cell lines. This method allows the direct 
determination of tubulin isotype composition, including post-translational modifications and mutations 
occurring throughout the entire protein. Foixr major isotypes, /3I-, ySlVb-, Kal-, and a6-tubulin, were 
detected in two human carcinoma cell lines, A549 and HeLa. /3III-Tubulin represented a minor species, 
as did a4-tubulin which was detected for the first time in both cell lines. The three a-tubulins were 
almost totally tyrosinated, and post-translational modifications were limited to low levels of monoglutam- 
ylation of Kal-, )SI-, and ^Ill-tubulin. /SII- and /SiVa-tubulins were not detected in either parental or 
drug-resistant cell lines, in contrast to previous RNA-based studies. Since mutations can occur in a single 
tubulin allele, the question as to whether the wild-type and mutant transcripts are both translated, and to 
what levels, is important. Heterozygous expression of Kal- or ;5I-tubulin mutants that introduced mass 
changes as small as 26 Da was readily detected in native tubulins isolated fi'om Taxol- and epothilone- 
resistant cell lines. 

Microtubules composed of a//3-tubulin heterodimers are 
involved in a diverse range of cellular functions including 
motility, morphogenesis, intracellular trafficking of macro- 
molecules and organelles, and mitosis and meiosis (i—5). 
This functional diversity is achieved through the association 
of structural and motor MAPs' with microtubules. MAPs 
have the ability to regulate the dynamic organization and 
stability of microtubules and also to recruit other proteins 
to the microtubule cytoskeleton. The multiple a- and 
/S-tubulin isotypes (each ~450 amino acids), although highly 
conserved, display extensive sequence variations at their 
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mass spectrometry; FTICR, Fourier transform ion cyclotron resonance; 
lEF, isoelectric focusing; LC—MS, liquid chromatography—mass 
spectrometry; MALDI-TOF MS, matrix-assisted laser desorption/ 
ionization time-of-flight; MAPs, microtubule-associated proteins; MS/ 
MS, tandem mass spectrometry; RT-PCR, reverse transcriptase— 
polymerase chain reaction; SDS—PAGE, sodium dodecyl sulfate— 
polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid. 

C-termini which participate in the bindmg of MAPs to 
microtubules (4). Additionally, tubulins are post-translation- 
ally modified by polyglutamylation, polyglycylation, and 
phosphorylation on both a- and /8-subunits, and by acety- 
lation, detyrosination/tyrosination, and removal of the pen- 
ultimate glutamic acid residue on a-tubulins (4, 5). The 
functional significance of this structural diversity remains 
unclear, except that specific isotypes are incorporated into 
microtubule-based organelles, such as centrioles, and that 
differential expression of tubulin isotypes has been observed 
between tissues and during development (4). The highly 
divergent C-termini may provide a mechanism for isotype- 
specific MAP binding. Although MAPs generally regulate 
their bmding affinity for microtubules by phosphorylation, 
there is an increasing body of evidence suggesting that post- 
translational modifications of a/^S-tubulin can also regulate 
the association of MAPs with microtubules (6, 7). 

The microtubule cytoskeleton has emerged as an effective 
target for cancer chemotherapy (8), as demonstrated by the 
clinical effectiveness of Taxol that has been approved by 
the FDA for the treatment of ovarian, breast, and non-small- 
cell lung carcinomas. Taxol is an anti-mitotic agent that has 
the capacity to stabilize microtubules against depolymeri- 
zation. As with many cancer chemotherapeutic agents, 
resistance remains a significant problem in the treatment of 
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malignancies with Taxol (P, 10). It is not known by what 
mechanisms human tumors become resistant to Taxol, but 
it is probable that there is more than one mechanism involved 
in most tumors. 

Microtubules are dynamic, not static, polymers and the 
precise regulation of this dynamicity is important for many 
cellular processes (7, 11, 12). Alterations in microtubule 
dynamics that occur in the development of resistance to Taxol 
and other microtubule-stabilizing drugs have become an 
emerging theme in drug resistance literature (9,10,13,14). 
The dynamics of individual rhodamine-labeled microtubules 
in Taxol-sensitive and -resistant A549 cell lines, derived from 
a human lung carcinoma, have been quantified by digital 
time-lapse microscopy (75). The A549-T12 and -T24 cell 
lines, 9- and 17-fold resistant to Taxol, respectively, were 
selected by continual exposure of the parental drug-sensitive 
cell line to increasing concentrations of drug (25). The 
microtubules from both resistant cell lines exhibited increased 
dynamic instability compared with the parental, drug- 
sensitive cell line. There are several potential mechanisms 
by which microtubule dynamics could be modulated in a 
Taxol-resistant cell line: altered tubulin isotype expression, 
mutations to tubulin that affect either longitudinal/lateral 
interactions or binding of regulatory proteins, alterations in 
post-translational modifications of tubulin that modify regu- 
latory protein binding, and altered expression or post- 
translational modifications to microtubule regulatory proteins. 

Altered expression of tubulin isotypes and mutated tubulins 
has been detected in cancer cell lines resistant to microtubule- 
interacting agents. Microtubules consisting of one particular 
yS-tubulin isotype display differential dynamics and exhibit 
differential sensitivity to the suppressive effects of Taxol on 
microtubule dynamics (16-19). There have been numerous 
reports of altered expression of individual y3-tubulin isotypes 
in cells that have been selected for resistance to antimitotic 
agents {20—29). These studies suggest that altered expression 
of ^-tubulin isotypes, especially classes III and IVa, may be 
correlated with Taxol sensitivity. Mutations in /3l-tubulin 
either within the Taxol-binding pocket or in domains 
involved in microtubule assembly have been detected in cell 
lines resistant to microtubule agents {30—33). 

There is a need for rapid, sensitive, and accurate methods 
for assessing tubulin composition, modifications, and muta- 
tions in human cell lines and tissues. We previously reported 
on the tubulin structural diversity in human cancer cell lines 
by utilizing negative ion MALDI-TOF MS to analyze the 
highly acidic C-terminal human tubulin peptides generated 
by CNBr digestion {34). However, this method does not 
allow the detection of modifications or mutations occurring 
outside of the extreme C-terminal domain. More recently, 
we used isoelectric focusing combined with MALDI mass 
mapping to resolve and characterize tubulin isotypes in 
human cell lines {35). This method allows the analysis of 
post-translational modifications but limits the detection of 
mutations to those introducing a change in charge. In this 
paper, we describe the direct analysis of native tubulin 
isotypes by LC—MS analysis of microtubules isolated from 
cell lines sensitive or resistant to Taxol and epothilones. 

MATERIAL AND METHODS 

Chemicals. Taxol was obtained from the Drug Develop- 
ment Branch of the National Cancer Institute (Bethesda, 

MD), dissolved in sterile DMSO, and stored at -20 °C. 
Trypsin was obtained from Promega (Madision, WI). All 
other chemicals were obtained from Sigma (St. Louis, MO), 
except where noted. 

Cell Culture. A549, a human non-small-cell limg line, and 
HeLa, a human cervical carcinoma cell line, were maintained 
as described previously {23, 36). 

Isolation of Tubulin from Cell Lines. Taxol-stabilized 
microtubule pellets were isolated from cytosolic extracts 
following the method of Vallee {37) as described previously 
(55). 

LC—MS. Taxol-stabilized microtubules (~10 /ig) were 
dissolved in 70% formic acid and inmiediately loaded onto 
a 1.0- X 150-mm Vydac C4 column (Vydac, Hesperia, CA) 
at a flow rate of 50 /^L/min. The mobile phases used for 
protein separations were 5% acetonitrile containing 0.1% 
TFA (solvent A) and 95% (v/v) acetonitrile containing 0.1% 
TFA (solvent B). The protein samples were initially desalted 
with 5% solvent B for 45 min and then separated using either 
0.2%/min or 0.05% /min solvent B gradients. For the 0.2% 
/min gradient, the initial 5% solvent B was increased to 40% 
over 3 min, followed by 40-60% (100 min) and 60-95% 
(7 min) gradients. The 0.05%/min gradient was generated 
by a 5-30% gradient (3 min), followed by 30-45% (17 
mm), 45-51% (120 min), and 51-75% B (5 min) gradients. 
The column effluent was delivered directly to a LCQ 
quadrupole ion trap mass spectrometer (ThermoFinnigan, 
Riviera Beach, FL). The mass spectrometer was operated in 
normal MS scan mode to detect ions in the miz range of 
900-1300. 

"In Solution" Trypsin Digestion of HPLC Fractions. 
Proteins were separated as described above using the 0.05%/ 
min solvent B gradient, except that the column effluent flow 
(50 /iL/min) was split for fraction collection (35 fihlmm) 
and for delivery to the ion trap mass spectrometer (15 [iLI 
min). The appropriate HPLC fractions were pooled and 
centrifiiged by a SpeedVac concentrator to evaporate solvents 
and to reduce the volume to ca. 10 jiL. Twenty microliters 
of 200 mM ammonium bicarbonate, pH 8.1, was added to 
each tube, followed by the addition of 6 /<L of trypsin (0.05 
/^g//^L) dissolved in ammonium bicarbonate. Incubations 
were performed overnight at 37 °C with constant shaking. 
The digests were desalted by Millipore C18 ZipTip, and the 
tryptic peptides were eluted with 50% acetonitrile/H20 
solution containing 0.1% TFA (4 /<L). 

Analysis of Tubulin C-Terminal Peptides. Tubulin was 
isolated from cells as described previously {3S). Taxol- 
stabilized microtubule pellets were solubilized in Laemmli 
sample buffer, and proteins were separated by SDS—PAGE 
using running conditions that separate a-tubulin from j8-tu- 
bulin {38). Gels were transferred to nitrocellxilose and stained 
with Ponceau Red, and regions containing either a- or 
j8-tubulin were cut and processed for CNBr digestion and 
negative-mode MALDI-TOF MS analysis as described 
previously {34). 

Protein Identification. MALDI spectra were recorded in 
the positive or the negative mode on a Voyager-DE STR 
MALDI-TOF mass specfrometer (PerSeptive Biosystems, 
Framingham, MA), equipped with a 2.0-m flight tube and a 
337-nm nitrogen laser. Saturated a-cyano-4-hydroxycinnamic 
acid was used as the matrix. Protein identification was 
accomplished through database searching (Swiss-Prot and 
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NCBI) using MS-Fit and Propound programs (Homo sapiens/ 
Mus musculus, mass tolerance of 1 Da, partially oxidized 
methionine, average and/or monoisotopic masses, and a 
maximum of two miscleavages). The mass value for each 
tubulin isotype was calculated using the Compute MW/p/ 
tool from the ExPaSy website. 

RESULTS AND DISCUSSION 

Alterations in tubulin isotype composition and mutations 
have been proposed as potential mechanisms of resistance 
toward microtubule-interacting cytotoxic drugs. However, the 
structural diversity of mammalian tubulins, involving mul- 
tiple isotypes with assorted post-translational modifications, 
makes comparative analysis between sensitive and resistant 
cell lines difficult. Both RT-PCR product quantitation and 
sequencing or antibody-based approaches with tubulin iso- 
type-specific antibodies have been exploited to study the 
tubulin composition in drug-sensitive and -resistant cell lines. 
However, there is often a poor correlation between mRNA 
and translated protein levels (39, 40). This is of special 
relevance when a mutation occurs in a single allele of a 
specific tubulin gene, since it is important to know whether 
both wild-type and mutant alleles are expressed and at what 
levels. No a-tubulin isotype-specific antibodies are readily 
available, except for those directed against specific post- 
translational modifications i.e., acetylated, tyrosinated, and 
non-tyrosinated a-tubulins. Antibodies are available that 
recognize glutamylated and glycylated a/j8-tubuUns, but these 
antibodies give no insight into the length of the appended 
side chain. This is important information since it has been 
proposed that tubulin polyglutamylation regulates the binding 
of both structural and motor MAPs as a fiinction of the length 
of the polyglutamyl side chain (5, 7). 

Analysis of Tubulins by Mass Spectrometry. In recent 
years, mass spectrometry-based approaches have gained in 
popularity for the analysis of tubulins across distinct phyla, 
from lower protozoa to mammals (41—50). These studies 
have focused largely on the analysis of the C-terminal 
peptides in order to define the post-translational modifications 
that occur to this domain of tubulin. In mammalian brain 
tubulin, polyglutamylation of a-and /3-tubulin (47), phos- 
phorylation of )3III-tubulin (41), reversible tyrosination of 
a-tubulin (47), removal of penultimate glutamate from 
detyrosinated a-tubulin, and more recently polyglycylation 
of A2-tubulin (51) were demonstrated by mass spectrometry. 
In contrast, studies of mammalian tubulin from non-neuronal 
sources by mass spectrometry are very few. We recently 
developed a strategy for the analysis of tubulin isotype 
composition and their post-translational modifications in 
A549, a non-small-cell lung cancer cell line, and in MDA- 
MB-231, a breast carcmoma cell line (34). Tubulins present 
in total cell exfracts from these cell lines were analyzed by 
SDS—PAGE and transferred to nitrocellulose, followed by 
excision of the tubulin region of the membrane and CNBr 
digestion. The released peptides were analyzed by negative 
ion mode MALDI-TOF mass spectrometry to detect selec- 
tively the highly acidic C-terminal tubulin peptide ions (34, 
52). In these cancer cell lines, the major tubulin isotypes 
detected were Kal- and )3l-tubulin, as well as jSlVHD-tubulin 
and, at that time, a new human a-tubulin that was named 
a*. Subsequent work (see below) established that this isotype 
was the human homologue of mouse a6. In confrast to brain 

Table 1: Calculated Masses of Human Tubulin Isotyp es 

accession no." tubulin isotype mass, Da 

a-Tubulin 
CAA25855 al^al 50 157.7 
177403 al/Kal 50151.6 
AAC31959 al/Kal 50151.6 
AAD33871 al/Kal 50 135.6 
Q13748 a3 49 959.5 
A25873 a4 49 924.4 
Q9BQE3 a6 49 895.3 
Q9NY65 a8 

yS-Tubulin 

50 093.5 

AAD33873 /3I 49 670.8 
P07437 fl 49 759.9 
AAH01352 pn 49 953.1 
NP_001060 m 49 907.0 
AAH00748 pm 50 432.7 
NP_006077 pm 50 517.8 
P04350 /SIVa 49 630.9 
NP_006078 ySlVa 49 585.8 
P05217 /Srvb 49 831.0 
NP_115914 pv 49 857.1 
NP_110400 pvi 50 326.9 

"NCBI protein database. 

tubulin, Kal- and ;3l-tubulin were only monoglutamylated, 
and no other post-translational modifications were detected. 
However, our inability to detect the C-terminal peptides of 
j8II-, /3III-, and /SiVa-tubulin isotypes, given that these 
isotypes were previously identified in A549 cells by Western 
blotting and/or RT-PCR, revealed a potential limitation to 
this approach (23). With no separation of C-terminal peptides 
prior to MALDI-TOF mass spectrometry analysis, ions for 
minor tubulin species could have been suppressed by the 
presence of other, more abundant C-terminal tubulin peptides. 
Moreover, the method gave no information regarding po- 
tential modifications or mutations outside the C-terminal 
domains. More recently, we developed a combined isoelectric 
focusing/mass mapping approach to analyze tubulin isotypes 
in Taxol-stabilized microtubule preparations (35). 

Native Tubulin Isotype Masses. Except for two Kal- 
tubulin variants, the calculated masses of the human tubulin 
isotypes found in the databases are all distinct (Table 1). 
We have used reversed-phase chromatography in line with 
ESI mass spectrometry analysis to determine the masses of 
native tubulin isotypes in human cancer cell lines. Prior to 
analysis, the a/)3-tubulms were isolated from cell extracts 
by a Taxol-dependent polymerization process originally 
developed by Vallee (37). We have recently established that 
there is no selective loss of specific tubulin isotypes during 
this process (35). Therefore, the isolated tubulins are 
representative of tubulins in cells. The determination of native 
tubulin masses is important for relating sequences entered 
in databases to the proteins expressed in human cell lines. 
This is particularly important in a protein family like tubulin, 
where nomenclatures and annotations remain confusing and 
multiple sequence variants of a single tubulin isotype can 
be found m databases (Table 1). Native mass determinations 
could eliminate erroneous entries or validate some that could 
represent true polymorphisms. 

Tubulin Isotypes in A549 and HeLa Cell Lines. Proteins 
present in Taxol-stabilized microtubule pellets from A549 
and HeLa cells were analyzed by LC—MS using a microbore 
C4 reversed-phase column and a 0.2%/mm acetonitrile 
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FIGURE 1: Analysis of Taxol-stabilized microtubules from A549 
cells by LC—MS. A pellet of A549 Taxol-stabilized microtubules 
was resuspended in 70% formic acid, and proteins were separated 
on a microbore C4 reversed-phase column with a 0.2%/min solvent 
B gradient and detected by ESI-MS. (A) Total ion current profile. 
(B) Deconvoluted mass obtained by averaging scans in the retention 
time range indicated by a horizontal black bar in A. 

gradient. The total ion chromatograms from both cell lines 
were similar, although the relative intensities of the signals 
differed (Figures lA and 2A). All the masses in the range 
of human tubulins (see Table 1) were found between 44 and 
60 min of the gradient, which includes the largest ion peak. 
This result was expected, as tubulin represented the major 
protein component in the Taxol-stabilized microtubule pel- 
lets. After averaging the scans between 44 and 60 min, we 
obtained overall profiles of the deconvoluted mass peaks for 
the different tubulin proteins in both cell lines (Figures IB 
and 2B). The observed masses matched closely those of/3I-, 
^IVb-, a6-, tyr a4-, Kal-, glu Kal-, and ^Ill-tubulin, 
respectively (Table 2). 

To confirm the identity of these tubulin isotypes, tryptic 
mass mapping of the C4-resolved isotypes present in A549 
tubulins was performed. For these experiments, tubulin 
isotypes were separated using a 0.05%/min acetonitrile 
gradient to increase the separation between tubulin isotypes, 
and the column effluent was split for fraction collection and 
for delivery to the ion trap mass spectrometer. With this 
shallower gradient, the tubulin isotypes eluted between 54 
and 96 min. The total ion current was deconvoluted in 1-min 
segments across the gradient, and fractions that contained 
the same protein masses were pooled. After removal of 
solvents, tryptic digestion was performed and the resulting 
peptides were analyzed by MALDI-TOF MS, searching for 
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FIGURE 2: Analysis of Taxol-stabilized microtubules from HeLa 
cells by LC—MS. A pellet of HeLa Taxol-stabilized microtubules 
was resuspended in 70% formic acid, and proteins were separated 
on a microbore C4 reversed-phase column with a 0.2%/niin solvent 
B gradient and detected by ESI-MS. (A) Total ion current profile. 
(B) Deconvoluted mass obtained by averaging scans in the retention 
time range indicated by a horizontal black bar in A. 

Table 2: Comparison of Experimental and Calculated Masses of 
Human Tubulin Isoforms 

mass, Da 

tubulin calcd" measd' Amass 

Kal 50151.6 50 142.2 ± 2.2 -9.4 
Kal glui 50 280.7 50 266.0 ± 2.0 -14.0 
Kal Ser379Arg 50 220.7 50 209.5 ± 3.5 -11.2 
a6 49 895.3 49 885.6 ±1.3 -9.7 
a4 49 924.4 49 913.3 ±1.1 -11.1 
a4tyr 50 087.6 50 077.0 ± 1.7 -10.6 
fl 49 670.8 49 661.6 ±0.5 -9.2 
ySIVb 49 831.0 49 821.2 ±2.5 -9.8 
fill! 50 432.7 50 422.0 ±3.5 -10.7 
ySIII glui 50 561.8 50 551.0 ±3.5 -10.8 

° Calculated from sequences ir NCBI protein database (see Table 
1). ' Average of four independent experiments with microtubules 
isolated from A549 and A549-T12 cell lines ± standard deviation. 

tubulin isotype-specific tryptic peptides. The native tubulin 
masses (Table 3 and Figure 3) and the detected isotype- 
specific tryptic peptides (Table 3) present in these pooled 
fractions are as follows: 

Pool 1. The 54—56-min segment of the gradient contained 
a very small peak with an average mass of 49 914 Da and a 
larger peak with an additional mass of 163 Da. These masses 
were close to the calculated values for a4- and tyrosinated 
a4-tubulins, respectively (Table 2). MALDI mass mapping 



Biochemistry LC—MS Analysis of Human Tubulin Isoforms   E 

Table 3: Peptide Mass Mapping of HPLC-Resolved Tubulin Isotypes from A549 Cells 
Retention time range 

(min) 
Mass in HPLC fraction 

(Da) 
Isotype-specific tubulin peptides Measured    Calculated    Amass    Database     Sequence 

mass mass (Da)     matched      coverage'' 
tubulin J%L 

Pooll 

54-56 

IBEIIDPVLDRUI 

ijiDYEEVGroSYEDEDEGEEMs" 

431 DYEEVGIDSYEDEDEGEEY448° 

1068.5 1068.6 0.1 a4 40 
2122.1 2122.0 -0.1 

2285.0 2285.2 0.2 a4Tyr 

2966.4 2967.0 0.6 a6 42 

3237.3 3237.3 0.0 Kal 52 
3253.5 3253.3 -0.2 

Pool 3 

70-79 

423EDMAALEKDYEEVGADSADGEDEGEEY«9 

423EDMAALEKDYEEVGVDSVEGEGEEEGEEY45i° 

423EDMAALEKDYEEVGVDSVEGEGEEEGEEY451 (MSO)" 

Pool 4 

79-89 

63AVLVDLEPOTMDSVR77 

47INVYYNEATOGK58 

1601.9 

1327.6 

1601.8 

1327.6 

-0.1 

0.0 

pIVb 53 

Pools 

92-96 

28JALTVPELTQQVFDAKOT 

3oMAVTFlGNSTAIQELFKj„ (MSO; 

20FWEVISDEHGIDPTGTYHGDSDLQLDR46 

1659.4 1659.2        -0.2 

1886.6 1886.2        -0.4 

3103.0 3103.3 0.3 

54 

4MQ0   4nM   SOMO   80200   80400    80000 
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FIGURE 3: Deconvoluted mass spectrum of minor tubulin isoforms. 
A pellet of A549 Taxol-stabilized microtubules was resuspended 
in 70% formic acid, and proteins were separated on a microbore 
C4 reversed-phase colimm with a 0.05%/inin solvent B gradient 
and detected by ESI-MS. Proteins eluting from 64 to 66 min of 
retention time (pool 2) were examined for their tubulin isoform 
content by averaging scans. Two minor mass peaks were tentatively 
assigned to A2 Kal-tubulin and its monoglycylated isoform. The 
major peak had a mass matching /Slll-tubulin, and an associated 
peak corresponding to its monoglutamylated isoform was present. 

identified the isotype-specific C-terminal tryptic peptides 
from both forms, in addition to an internal a4-specific 
peptide. This is the first evidence of the expression of the 
a4-tubulin isotype in A549 cells. a4-Tubulin is the only 
isotype not to have a tyrosine or phenylalanine residue as 
the last encoded amino acid. However, a4-tubulin is a 
substrate for tubulin tyrosine ligase, and, once tyrosinated. 

it can undergo tyrosination/detyrosination cycles like the 
other a-tubulin isotypes (5). We found that the majority of 
a4-tubulin in A459 and HeLa cells was tyrosinated. 

Pool 2. The 64—66-min segment of the gradient contained 
several minor peaks (Figiire 3). First, two peaks that differed 
in mass by approximately 56 Da were tentatively identified 
as detyrosinated/deglutamylated (A2)-Kal-tubulin and its 
monoglycylated counterpart. A2-a-Tubulin is imable to 
undergo the reversible tyrosination cycle (53) but has been 
shown to be glycylated in brain tubulin (51). Two other mass 
peaks that differed by 129 Da were tentatively identified as 
the )8III-isotype and its monoglutamylated coimterpart. 
Unfortunately, we could not detect tryptic peptides specific 
for either A2-a- or /Slll-tubulin in this pool, presumably 
because of their low level of abundance. However, by 
immunoblot analysis, antibodies reportedly specific for A2- 
a-tubulin cross-reacted weakly with a protein of the correct 
size in the A549 cell line.^ We have also detected nonmodi- 
fied jSIII-tubulin, and a minor more acidic variant, in this 
cell line by an isoelectric focusing/MALDI mass mapping 
approach (35). This is consistent with the presence of two 
;3lII-tubulin mass peaks detected by LC—MS. 

Pool 3. The 70—79-min segment of the gradient contained 
two major peaks corresponding to a6- and Kal-tubulins. 
The C-terminal tryptic peptide for each isotype was detected. 
The amino acid sequence obtained previously for the 
C-terminal peptide of a*-tubulin by MS/MS (34) matches 
the C-terminal sequence of a recently cloned human a6- 
tubulin. In the present study, a protein having the expected 

^ L. Martello and S. B. Horwitz, unpublished observation. 
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FIGURE 4: Negative ion mode MALDI-TOF analysis of tubulin C-terminal peptides from Taxol-stabilized microtubules isolated from 
HeLa cells. a-Tubulin and /S-tubulin were separated by SDS—PAGE and transferred to nitrocellulose, and the a-tubulin band (A) and the 
/3-tubulin band (B) were independently C3NlBr-digested; mk peaks were assigned on the basis of the calculated m/z values for CNBr- 
generated C-terminal peptides from human tubulin isotypes (J^. 

mass for human a6-tubulin was detected and confirmed as 
being a6-tubulin by tryptic mass mapping. The observed 
mass for Kal-tubulin is close to the three complete sequence 
variants present in the databases (Table 1). We did not find 
a tryptic peptide that was specific for any of these Kal 
variants in our mass mapping experiments. However, the 
Kal-tubulin nucleotide sequence in A549 deduced by cDNA 
sequencing (36) matches the protein with the accession 
number AAC31959. Moreover, in our lEF mass mapping 
study of human tubulins (iJ), we found two tryptic peptides 
(residues 230-243, m/z 1487.7 and residues 340-352, m/z 
1527.5) that are unique to this particular Kal-tubulin variant. 
Like the a4 isotype, both Kal- and a6-tubulins in the A549 
and HeLa cell lines are present in their tyrosinated forms. 

Pool 4. The 79—89-min segment of the gradient contained 
a single peak with a mass close to that of jSlVb-tubulin. Two 
isotype-specific peptides for this tubulin were detected after 
tryptic digestion. 

Pool 5. The 92—96-min segment of the gradient contained 
a single peak that was shovm by mass mapping to be pl- 
tubulin. In our previous studies, we tentatively attributed a 
low-abundance C-terminus CNBr peptide to monoglutam- 
ylated /3I-tubulin {34). Although we did not detect the 
presence of this modified isotype in A549 by LC—MS, an 
ion matching monoglutamylated y3l-tubulin was observed in 
Taxol-stabilized microtubules from HeLa cells (Figure 6A, 
below). 

A systematic average difference of —10 Da between 
measured and calculated masses was observed in our data 
(Table 2). There are 8—12 cysteine residues present in htmian 
tubulins, but only two natural disulfide bonds per native a/y3 
tubulin heterodimer have been reported, i.e., one disulfide 
bond per subimit {54, 55). This would accoimt for a 2-Da 
decrease in mass per a- or ;3-tubulin chain. However, 
reduction with DTT or tris[2-carboxyethyl]phosphine prior 

to LC-MS did not alter the observed masses (data not 
shown). Therefore, the observed mass differences are likely 
to be due to a systematic calibration error for proteins of 
this mass range or to disulfide bond interchange during the 
LC separation stage. To unambiguously address these issues 
in future studies, it may be helpfiil to alkylate cysteine 
residues, before and after reduction, prior to mass analysis. 

Unlike mammalian neitfonal tubulin, the tubulin isolated 
fi-om the A549 and HeLa cell lines was not extensively post- 
translationally modified. However, all of the identified 
a-tubulin isotypes were mainly tyrosinated. This is consistent 
with our previous study using MALDI-TOF MS analysis of 
the C-terminal tubulin peptides fi-om A549 and MDA-MB- 
231 cell lines {34). Acetylation of Lys4o is a modification 
that is also specific to a-tubulins, but none of the a isotypes 
identified in both cell lines were acetylated, on the basis of 
their experimentally determined masses and the detection of 
tryptic peptides with N-terminal Thr4i residues in the mass 
mapping experiments (data not shown). Glutamylation was 
limited to one residue and was present in a very small fraction 
of tubulin. 

In cells, both detyrosinated and acetylated tubulins are 
normally associated with stable microtubules (56). However, 
under in vitro assembly conditions, tubulin isolated from 
HeLa cells was shown to be significantly less dynamic than 
brain tubulin, which is extensively post-translationally modi- 
fied {57). This suggests that the post-translational status of 
tubulin has no direct impact on microtubule dynamics and 
that these modifications are a consequence and not a cause 
of microtubule stability in vivo. Nevertheless, it is possible 
that post-translational modifications may affect interactions 
with regulatory proteins, thus indirectly altering microtubule 
dynamics {56). 

Relative Quantitation of Tubulin Isotypes. Although RT- 
PCR data indicated the presence of /3II- and /SlVa-tubulin 
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FIGURE 5: Comparison of deconvoluted mass spectra of tubulin 
isotypes present in A549 and A549-T12. Taxol-stabilized micro- 
tubules isolated from A549 (see Figure IB) and A549-T12 cell 
lines were analyzed by LC—MS. Mass peaks were assigned on the 
basis of peptide mapping (Table 3) and calculated values for human 
tubulin isotypes (Table 2 and Figure 3). Deconvoluted mass profiles 
were obtained by averaging scans in the retention time range from 
44 to 60 min for (A) A549 and (B) A549-T12, where an horizontal 
arrow indicates a mass shift for a portion of Kal-tubulin. 

mRNA transcripts in the A549 cell line (23), the translated 
proteins were not expressed at detectable levels. Similar 
results were obtained by MALDI-MS analysis of either the 
released C-terminal CNBr peptides (34) or lEF-resolved 
tubulin isotypes (35). Likewise, ^11- and jSlVa-tubulins were 
below the level of detection in HeLa cells. There is no 
obvious explanation for the discrepancy between tubulin 
isotype mRNA and protein expression levels, but such 
absence of correlation has been observed for other proteins 
(39, 40). Since tubulin was quantitatively recovered from 
cells by the Taxol-driven polymerization procedure (35), 
either there is an unknown bias in the RT-PCR results or 
there is a still imknown silencing mechanism for translation 
of ^811- and /3lVa-tubulin mRNA. 

It is known from previous studies that the ratio of total a- 
to total ^-tubulin is close to one (35). Inspection of the ion 
intensities in Figures IB and 2B would suggest, however, 
that the a-tubulin isotypes are present in considerable excess 
over the /3-tubulin isotypes in these cell lines. However, 
quantitation of relative protein expression levels by com- 
parison of ion intensities is problematic due to differential 
ionization efficiencies. Nevertheless, if we estimate the 
relative amounts of individual a- or ^-tubulin isotypes within 
each isotype class, we find that Kal-, a6-, and a4-tubulin 
or j8l-, /3rVb-, and /Slll-tubulin represent approximately 55%, 
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Mass (Da) 
FIGURE 6: Expression of/Sl-tubulin mutations. Taxol microtubules 
isolated from parental HeLa cells and drug-resistant HeLa cell lines 
selected with epothilone B (HeLa.EpoBl.S) or with epothilone A 
(HeLa.EpoA9) were analyzed by LC—MS as described for A549 
cell lines. /3l-Tubulin-deconvoluted mass spectrum from (A) HeLa, 
(B) HeLa.EpoBl.8, and (C) HeLa.EpoA9 are presented. 

31%, and 14%, respectively, of total a-tubulin or total 
yS-tubulin. These percentages are very similar to those 
obtained by Coomassie blue staining of the tubulin isotypes 
resolved by isoelectrofocusing (35). It would appear, there- 
fore, that in these human cell lines, Kal- and ;8l-tubulin, 
a6- andySrVb-tubulin, and a4-andy5ni-tubulin are apparently 
present in comparable amounts. Because of this trend, we 
speculate that there may be a sorting mechanism of tubulin 
isotypes during a/)8-tubulin heterodimer formation. As stated 
above, our previous MALDI-TOF MS analysis of tubulin 
CNBr C-terminal peptides from total cell extracts may have 
under-represented certain tubulin isotypes due to ion sup- 
pression effects. In that study, the C-terminal peptides of 
/3II, /3in, and ;3lVa were not observed, and pTVh peptide 
ion was minor compared to ySl. We re-evaluated this approach 
by reducing the complexity of the sample prior to CNBr. In 
this study, tubulin was purified by the Taxol-based method 
from HeLa cells, followed by the separation of a-tubulin 
and )3-tubulin on SDS—PAGE gels prior to transfer to the 
nifrocellulose membrane. The region of the blot containing 
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either a-tubulin or ;3-tubulin was CNBr-digested, and 
MALDI-TOF MS analysis was performed. The m/z peaks' 
intensities corresponding to )3IVb- and monoglutamylated 
;8l-tubulin C-terminal peptides were increased significantly 
(Figure 4B). Very low levels of the tyrosinated a4-tubulin 
C-terminal peptide were also detected (Figure 4A), but ;8ni- 
tubulin C-terminal peptide was still undetectable (data not 
shown), indicating a particularly strong suppression of this 
peptide. Similar results were obtained with A549 tubulin 
(data not shown). Our results are also consistent with the 
Western blot analysis of purified HeLa tubulin by Newton 
et al. (57), where pi- and ;8lV-tubulin isotypes represented 
80% and 20% of ^-tubulin, respectively, and no /Slll-tubulin 
was detected. 

Mutations in Kal- and pi-Tubulins. Mutations to the 
primary drug target are a recurring theme in drug resistance. 
However, DNA sequence analysis of the multiple tubulin 
genes in himian cell lines and tissues is not straightforward 
since they are so highly conserved. A recent study identified 
^-tubulin mutations in serum DNA isolated fi'om 33% of 
patients with non-small-cell lung cancer (58). This finding 
was considered extremely significant, since it was thought 
to validate in vitro data from numerous laboratories docu- 
menting the acquisition of mutations in Taxol- and epothilone- 
resistant cell lines that correlated with increasing levels of 
resistance. Several groups sought to confirm this initial study 
(59—61); however, the presence of mutations has not been 
corroborated in these prospective studies, although silent 
polymorphisms have been reported. The study by Monzo et 
al. (58), which utilized genomic DNA that was extracted 
from circulating tumor DNA, isolated from patient serum 
samples, and the existence of tubulin pseudogenes, makes it 
difficult to analyze the precise nucleotide sequence of 
)S-tubulin using genomic DNA. 

Since the drug-binding site for the microtubule-stabilizing 
drugs resides in /3-tubulin, the search for tubulin mutations 
in Taxol/epothilones-resistant cell lines has been largely 
restricted to the major y3l-tubulin transcript (30—33). How- 
ever, recent studies have shown that mutations to a-tubulin 
may also occur in some drag-resistant cell lines (36). The 
complete sequencing of all tubulin isotypes in drag-selected 
cell lines, although feasible, would be very time-consuming. 
Moreover, sequencing of the a/)S-tubulin genes from resistant 
cell lines has shown that mutations introduced often occur 
to a single tubuhn allele (30). Therefore, the question as to 
whether both the wild-type and mutant transcripts are 
translated, and to what levels, is important, since the ratio 
of wild-type to mutant protein could affect resistance levels. 

A549-T12, a Taxol-resistant cell line, was reported to have 
a heterozygous mutation at amino acid 379 of Kal-tubulin, 
resulting in a serine-to-arginine substitution (36). The mass 
spectrum of tubulins isolated from this resistant cell line 
clearly shows a new protein peak approximately 67 Da 
greater than that of the parental Kal isotype (Figure 5). The 
difference in mass is very close to the expected 69.1 Da due 
to the Ser-to-Arg substitution at position 379. We also 
analyzed Taxol-stabilized microtubules from two HeLa cell 
lines that are resistant to epothilones. Both cell lines were 
shovra to harbor different heterozygous mutations in ^I (33). 
The)3l-tubulins from these cell lines, HeLa.EpoBl.8 with a 
Tyr422Cys mutation and HeLa.EpoA9 with a Pro 173Ala 
mutation, were predicted to have masses 60 and 26 Da, 

respectively, lower than the wild-type isotype. These mass 
losses were clearly detected in the deconvoluted mass spectra 
of regions of the gradient at which ^Sl-tubulin elutes (Figure 
6). In the parental HeLa cells, we observed only the wild- 
type )8I-tubulin and a small amount of monoglutamylated 
/3I-tubulin (Figure 6A). In the resistant cell lines, the 
expression of the mutant /3I-tubulins was clearly evident 
(Figure 6B,C), in both cases at levels that appeared higher 
than the wild-type j5l-tubulin. 

What is the smallest mass difference between specific 
tubulin isotypes that can be detected using a mass spectrom- 
eter? In this study, we were able to discriminate mutant and 
wild-type /3I isotypes that differed by 26 Da, even though 
they were incompletely (30%) resolved. TTieoretically, the 
peak width at 50% of maximum peak height is about 15 Da 
for an ~50 kDa protein, as estimated by calculating the width 
of the isotopic distribution using the IsoPro program (http:// 
members.aol.com/msmssoft/). Therefore, two 50-kDa pro- 
teins of equal abundance must differ in mass by more than 
15 Da to be resolved. It is likely that the use of quadrapole 
TOF or FTICR mass spectrometers would permit the 
detection of tubulin mutants displaying even smaller mass 
differences. Moreover, the presence of a broad or asym- 
metrical peak, in which the peak full width at 50% of 
maximum peak height exceeds 15 Da by FTICR MS, would 
indicate that incompletely resolved tubulin isotypes/mutants 
were present. In that case, the protein can be collected off- 
line for enzymatic digestion and amino acid sequence 
analysis by LC—MS/MS. In studies performed so far, we 
have achieved almost complete sequence coverage of the 
major tubulin isotypes by MS/MS analysis of pepsin-derived 
overlapping peptide fragments.^ 

The ability to perform simultaneous analysis of the 
expression of tubulin isotypes in human cell lines will have 
a major impact on microtubule biology. As noted in Table 
1, multiple tubulin sequences are present in the databases. 
By using the present LC—MS approach and/or the lEF-MS 
methodology described previously, human tubulin sequences 
that are expressed should be identifiable. This will improve 
the annotation of tubulin sequences in databases and provide 
a reference for the detection of potential mutations and 
polymorphisms in humans. For example, in A549 and HeLa 
cell lines, we have unambiguously identified expression of 
Kal, pi, and /3III with accession numbers AAC31959, 
AAD33873, and AAH00748, respectively. Likewise, al- 
though alterations in tubulin isotype mRNA levels have been 
noted in cell lines resistant to anti-microtubule agents, our 
proteomic strategies will afford the opportunity to directly 
determine the tubulin isotype composition of these cell lines 
to ascertain whether the mRNA alterations are actually 
reflected at the protein level. Finally, comparative analysis 
of tubulin isotype expression and associated post-translational 
modifications in diseased and normal tissue would provide 
greater insight into pathologies where the microtubule 
cytoskeleton appears to be involved (62—66). 
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Since its approval by the FDA in 1992 for the treatment of 
ovarian cancer, the use of Taxol has dramatically 
increased. Although treatment with Taxol has led to 
improvement in Hie duration and quality of life for some 
cancer patients, the majority eventually develop progres- 
sive disease after initially responding to Taxol treatment. 
Drug resistance represents a major obstacle to improving 
the overall response and survival of cancer patients. This 
review focuses on mechanisms of Taxol resistance tiiat 
occur directly at the microtnbule, such as mutations, 
tubulin isotype selection and post-translational modifica- 
tions, and also at the level of regulatory proteins. A review 
of tubulin structure, microtahule dynamics, the mechan- 
ism of action of Taxol and its binding site on the 
microtubnie are included, so that the reader can evaluate 
Taxol resistance in context. 
Oncogene (2003) 22, 7280-7295. doi:10.1038/sj.onc.l206934 
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Introduction 

The microtubule cytoskeleton is an effective and 
validated target for cancer chemotherapeutic drugs. A 
diverse range of structurally dissimilar compounds can 
interact with the tubulin/microtubule system and func- 
tion as antimitotic agents. These antimitotic agents can 
be divided into two major classes: those that bind 
preferentially to a/)8-tubulin heterodimers and inhibit 
polymer assembly, and those with a binding site on the 
polymer that stabilizes microtubules. The first class is 
exempUfied by the vinca alkaloids. The prototypic 
microtubule-stabilizing drug is Taxol (Figure 1). More 
recently, other mechanistically similar but structurally 
unrelated natural products, including the epothilones, 
eleutherobin and discodermolide, have been developed, 
and are in various stages of preclinical/cUnical develop- 
ment. 

As with many cancer therapeutic agents, resistance 
remains a significant problem when using Taxol to treat 
malignancies. Chemotherapeutic failure may be related 
either to the tumor being inherently resistant to the drug 
and/or to the acquisition of resistance during treatment. 
Although Taxol has demonstrated antitumor activity 
against several cancers, the emergence of clinical drug 
resistance is a major limitation to its success. Resistance 

♦Correspondence: SB Horwitz; E-mail: shorwitz@aecom.yu.edu 

is often a multifactorial process that may originate 
through a series of modifications. In the case of Taxol, 
several potential mechanisms can be proposed to 
account for the resistance observed in human txunors 
and tumor cell lines. These include overexpression of the 
multidrug transporter P-glycoprotein (Gottesman, 
2002), altered metabolism of the drug, decreased 
sensitivity to death-inducing stimuli (Blagosklonny and 
Fojo, 1999), alterations in naicrotubule dynamics and 
altered binding of Taxol to its cellular target, the 
microtubule (Dumontet and Sikic, 1999; Drukman and 
Kavallaris, 2002). This review will focus exclusively on 
potential mechanisms of resistance at the level of the 
microtubide. 

Structure and function of the microtubule cytoskeleton 

Microtubule dynamics and function 

In eucaryotes, microtubules are involved in a diverse 
range of cellular functions including mitosis and 
meiosis, motility, maintenance of cell shape and 
intracellular trafficking of macromolecxiles and orga- 
ndies (Desai and Mitchison, 1997; Oakley, 2000; Sharp 
et ai, 2000). Microtubules are hollow cylindrical tubes 
formed primarily by the self-association of a,j8-tubulin 
heterodimers into polymers (Downing and Nogales, 
1998; Nogales, 2000). The tubuUn heterodimers 
(Figure 2) are associated in a head-to-tail fashion to 
form protofilaments, which associate in a lateral manner 
to form hollow microtubules. There is considerable 
flexibility in the niunber of protofilaments wdthin a 
microtubule. In vivo, the cylinder is usually composed 
of 13 protofilaments with an overall diameter of 
25 nm. After in vitro assembly of bovine brain tubulin, 
the number of protofilaments is usually 14, but can 
vary from 10 to 15. Since the lateral associations 
between protofilaments involve interactions between 
subunits of the same type, that is, the so-called B-type 
lattice, the protofilaments are arranged in a paraUel 
array, thereby imparting polarity to the structure. 
Consequently, the /S-chains of the tubuUn dimer are 
exposed at one end (plus) of the polymer, and the 
a-chains at the other end (nunus). In cells, microtubules 
are usually organized with their minus ends associated 
with the microtubule-organizing center (MTOC) near 
the nucleus, and radiate outward so that the plus 
ends are near the periphery of the cell. y-Tubulin, 
a protein highly homologous to the a/^-tubulins, is 
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Figure 2 Three-dimensional model of a/^-tubulin heterodimer. 
Domains of ^-tubulin that are discussed in the text, as well as the 
stabilizing loop (S-loop) unique to o-tnbulin, are colored in red. 
Helix 3 (H3) and microtubule loop (M-loop) in a-tubulin are 
labeled in blue. Amino-acid residues close to Taxol are indicated in 
gray 

localized at the MTOC, and plays an important role in 
microtubule nucleation by interacting with a-tubulin 
(Oakley, 2000). 

Microtubules are highly dynamic, and exhibit a 
nonequilibrium behavior termed dynamic instability 
(Desai and Mitchison, 1997). In this process, micro- 
tubules undergo rapid stochastic transitions between 
growth and shrinkage, due to the association and 
dissociation, respectively, of tubulin dimers from the 
microtubule ends. The transition from growing to 
shrinking is termed a catastrophe, whereas the reverse 
behavior is referred to as a rescue. The orchestration of 
this dynamic instability is related to GTP binding and 
hydrolysis at the exchangeable or E-site of )?-tubulin. 
GTP binds to both a- and )?-tubulin, but in the case of a- 
tubulin, GTP is found at tiie nonexchangeable or N-site 
(Figure 2). Microtubule assembly requires J?-tubulin to 
be charged with GTP, which is hydrolysed upon 
addition of the tubulin dimer to the elongating micro- 
tubule. After hydrolysis, the guanine nucleotide be- 
comes nonexchangeable, and so microtubules are mostly 
composed of (GTP:a-tubuhn/GDP:iS-tubuUn)„, with the 
growmg end capped with GTP (or GDP • Pi):/S-tubuUn. 
In the GTP-cap model, microtubules, which are inher- 
ently unstable, are stabiUzed by GTP (or GDPPO- 
tubuUn at the growiug ends. When the GTP cap is lost, 
the microtubules rapidly depolymerize, with the proto- 
filaments peehng outward. After depolymeri2ation, the 
released dimers can exchange GTP for GDP at the 
E-site, and are thus primed for another cycle of poly- 
merization. In contrast, microtubules containing non- 
hydrolysable GTP analogs are significantly more stable. 

Numerous proteins that interact with nMcrotubules 
and/or free tubuUn dimers also have the potential to 
regulate both catastrophe and rescue rates (Nogales, 
2000). The best characterized of these regulatory 
proteins are the microtubule-associated proteins 
(MAPs), which stabilize microtubules by decreasing 
catastrophes and/or increasing rescues. However, other 
proteins, such as stathmin, may regulate microtubule 
dynamics by increasing the catastrophe rate. Stathmin 
appears to bind exclusively to tubulin dimers and not to 
microtubules. The activities of many of these micro- 
tubule-stabilizing/-destabilizing proteins are themselves 
regulated by phosphorylation/dephosphorylation in a 
cell cycle-dependent manner. 

The tubulin sequence/structure contains the necessary 
information for self-assembly of tubulin dimers into 
protofilaments and microtubules. The a- and /S-tubulins 
(each ~450 amino acids), although highly conserved, 
display extensive molecular heterogeneity at their C- 
termini. This structural diversity is a consequence of 
both the expression of several a- and )5-tubulin isotypes 
(Sullivan and Cleveland, 1986; Stanchi et al., 2000), the 
products of distinct genes, and of numerous post- 
translational modifications occurring to both subunits 
(MacRae, 1997; Luduena, 1998). These modifications 
include polyglutamylation and polyglycylation of both 
subunits, acetylation, reversible tyrosination and exci- 
sion of the C-terminal glutamate in nontyrosinable 
a-tubulin and phosphorylation of the class III )?-tubuhn. 
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Significantly, the majority of primary sequence diver- 
gence in the various tubulin isotypes and all of the post- 
translational modifications, except acetylation of lys4o of 
a-tubulin, occur within the C-terminal 20 amino acids of 
a- and ^-tubulin subunits. While these C-terminal 
regions are highly variable among the isotypes within 
a species, the same regions are highly conserved within a 
single isotype, among species as diverse as human, 
mouse and chicken. The highly divergent C-termini may 
provide a mechanism for isotype-specific MAP binding. 
Moreover, each /?-tubulin isotype has a unique pattern 
of expression ranging from highly specific expression for 
classes III, IVa and VI to constitutive expression for 
classes I and IVb. While the class II )S-tubulin is 
predominately expressed in the brain, this isotype is 
also expressed at low levels in a variety of other tissues. 
The tissue distribution of the a-tubulin isotypes is less 
well established, primarily due to the lack of isotype- 
specific antisera. We have recently shown by mass 
spectrometry that k-al and a6 are the predominant a- 
tubulin isotypes expressed in the human breast and lung 
carcinoma cell Hues. The issue of functional specificity of 
the multiple tubulin isotypes remains unresolved and 
somewhat controversial. However, the C-terminal iso- 
type sequence conservation and their differential tissue 
expression strongly imply functional significance. 

Molecular structure of tubulin 

Nogales et al. (1998, 1999) have obtained, by electron 
crystallography, a model of the a/)?-tubulin dimer fitted 
to a 3.7 A density map using zLnc-induced tubulin sheets 
stabilized by Taxol. This model is supported by a 2.8 A 
X-ray diffraction map of FtsZ, a bacterial GTP-binding 
protein with some homology (~ 10%) to tubuUn (Lowe 
and Amos, 1998). FtsZ also has the propensity to form 
protofilaments and sheets. Although a- and j8-tubulin 
monomers share only 40% sequence homology, their 
overall folding patterns are very similar (Figure 2). 
Recently, models with improved resolution have been 
published (Lowe et al., 2001; Meurer-Grob et al., 2001). 
Each monomer structure can be divided into three major 
structural domains (Figure 3). The N-terminal domain 
(residues 1-206) is involved in nucleotide binding, and 
has a Rossman fold with alternating parallel /?-strands 
(S1-S6) and hehces (H1-H6). The central domain 
(residues 207-384) is involved in both longitudinal/ 
lateral contacts between a- and jS-tubulin monomers 
present in protofilaments, and is formed by an arrange- 
ment of mixed P sheets (S7-S10) and three helices 
(H8-H10). Taxol binds to a hydrophobic pocket within 
this central domain (see below). The C-terminal domain 
is formed by two antiparallel helices (Hll and H12) 
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Figure 3 Primary sequences and secondary structure of the major human a- and /S-tubuIin isotypes. Helices (H1-H12) are represented 
as red rectangles and ^-sheets (Sl-SlO) are represented as blue arrows. Mutations detected in Taxol-resistant cell lines are highlighted 
in black 
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that fold across the other two domains. However, the 
C-terminal 10 residues in a-tubulin and 18 residues in 
^-tubulin, which are highly charged, are not visible in 
this model. This C-terminal domain has been impUcated 
in the binding of several regulatory and motor proteins 
including tau, MAP-2 and kinesin. 

The inter- and intradimer contacts along the proto- 
filaments were readily deduced, since the longitudinal 
dimer packing in zinc sheets and microtubules is the 
same. These longitudinal interactions are extensive, and 
are similar in both inter- and intradimer contacts. The 
model also provides a rationale for explaining the 
nonexchangeabihty/exchangeability of the guanine nu- 
cleotide-binding sites on each monomer. In the case of 
the N-site in a-tubulin, it is buried at the intradimer 
interface, thus accounting for the lack of exchange at 
this site. The guanine nucleotide at the E-site of P- 
tubulin, in contrast, is at the surface of the dimer 
allowing for exchange (Figure 2). After polymerization, 
the E-site becomes nonexchangeable, since it is buried at 
the interdimer interface. 

A major difference between the two polymer types, 
that is, zinc sheets and microtubules, is the orientation 
of the protofilaments. In zinc sheets they are aligned 
antiparallel, whereas in microtubules they are parallel. 
This implies that the lateral contacts between protofila- 
ments are different in the two polymer types. To 
visualize the lateral contacts in microtubules, the zinc 
sheet protofilament structure was docked into a 20 A 
resolution map of microtubules obtained by cryoelec- 
tron microscopy. In the resulting model, the E-site of P- 
tubulin was exposed at the plus end of the microtubule 
and the N-site of a-tubulin at the minus end, in 
agreement with previous studies on the orientation of 
a/^-tubulin heterodimers in microtubules. The model of 
Nogales et al. suggests that the major lateral contacts 
between a-a and /?-)8 monomers between protofilaments 
involve interactions between the microtubule loop (M- 
loop; residues 271-286) and the helix H3 and loop 
H1-S2 (Figure 2). The M-loop comprises part of the 
Taxol-binding site in jS-tubuUn (see below). Although 
the B-lattice is the predominant protofilament arrange- 
ment, many microtubules also contain a seam, in which 
the lateral contacts involve interactions between a- and 
j5-tubulin monomers. Whether this seam plays a 
dynamic role in microtubule fimction is unclear. 

In vitro and in vivo mechanisms of taxol action 

Our research group was the first to examine the 
mechanism of action of Taxol, and although it became 
obvious that the drug was an antimitotic agent, it was 
also clear that Taxol was not a typical antimitotic drug, 
such as colchicine or the vinca alkaloids (Schiff et ah, 
1979; Schiff and Horwitz, 1980; Horwitz et al, 1986; 
Horwitz, 1992). These latter drugs bind primarily to 
tubulin dimers and prevent microtubule assembly. There 
is no evidence that Taxol can bind to the tubulin dimer. 
In vitro, Taxol binds to the microtubule polymer, 
enhancing the polymerization of tubulin (Parness and 
Horwitz, 1981; Manfredi et al, 1982). Microtubules 

formed in the presence of the drug possess unusual 
stabihty, and resist depolymerization by Ca^"^, cold 
temperature and dilution (Schiff e? al, 1979). Taxol has 
the abiUty to polymerize tubulin in the absence of GTP, 
which under normal conditions is an absolute require- 
ment for microtubule polymerization. The drug binds to 
the )S-tubulin subunit in microtubules specifically and 
reversibly, with a stoichiometry, relative to the tubulin 
heterodimer, approaching one (Parness and Horwitz, 
1981; Diaz and Andreu, 1993). Binding is reversible, 
since unlabeled Taxol can displace PHJTaxol from 
polymerized microtubules. In vitro, Taxol alters the 
kinetics of microtubule assembly. The overall effect of 
Taxol is to decrease the critical concentration of 
microtubule protein necessary for microtubule assem- 
bly. At a Taxol concentration of 5^, the critical 
concentration of tubulin required for assembly decreases 
by a factor of 20 from 0.2, to less than 0.01 mg/ml. Taxol 
also affects the structure of the microtubule polymer by 
reducing the number of protofilaments from a normal 
average of 13 to 12 (Diaz et al, 1998). 

In cells, high concentrations of Taxol increase poly- 
mer mass, and also induce microtubule bundle forma- 
tion in interphase cells, a phenomenon that has become a 
hallmark of Taxol binding (Schiff and Horwitz, 1980). 
However, microtubule bundle formation is a phenotypic 
consequence of Taxol binding that has a threshold effect. 
Therefore, at lower concentrations of Taxol, where only 
a fraction of the total Taxol-binding sites are occupied, 
the principal effect of the drug is suppression of 
microtubule dynamics without altering the polymer 
mass (Jordan et al, 1993; Deny et al, 1995). Interest- 
ingly, low concentrations of vinblastine, a microtubule- 
destabilizing drug, have similar effects on polymer 
dynamics as Taxol, suggesting that both drugs block 
mitosis by stabilizing spindle microtubule dynamics. 
However, we have shown recently that the two major 
classes of microtubule-based antimitotic agents, that is, 
the stabilizing and destabilizmg drugs, exhibit different 
mitotic effects at low concentrations (Chen and Horwitz, 
2002). Microtubule-stabilizing drugs, including Taxol, 
the epothilones and discodermoUde, produced aneuploid 
populations of cells in the absence of a sustained mitotic 
block. In contrast, colchicine, vinblastine and nocoda- 
zole, all destabilizing drugs, did not induce aneuploidy at 
comparable concentrations. Exit from an aberrant 
mitosis appeared to be responsible for the aneuploidy, 
since multipolar spindles were induced by stabilizing, but 
not destabiUzing, drugs. These studies imply that Taxol 
exerts its mitotic effects by alternate mechanisms, 
depending on the concentration of the drug utilized 
(Torres and Horwitz, 1998). 

Taxol-binding site on the microtubule 

In the absence of a high-resolution structure of tubulin, 
we used photoaffinity labeling to address the nature of 
the interaction between Taxol and its target protein 
(Rao et al, 1992, 1994, 1995; Orr et al, 1998; Rao 
et al, 1999,2001). Initially, direct photoaffinity-labehng 
studies using fHJTaxol demonstrated that Taxol binds 
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specifically to the J?-subunit of tubulin (Rao et al., 1992). 
However, the low extent of photoincorporation pre- 
cluded a detailed analysis of the Taxol-binding site. The 
availability of a series of Taxol analogs, bearing 
photoreactive groups at defined positions around the 
taxane nucleus, afforded the opportunity to define the 
contact sites between the drug and jS-tubulin. Photo- 
afBnity labeling of microtubules using analogs with 
photoreactive groups at the C-2, C-3' or C-7 positions 
also showed exclusive and specific photoincorporation 
into the )S-tubulin monomer. By chemical/enzymatic 
digestion, and subsequent N-terminal amino-acid se- 
quencing, it was possible to assign the residues in close 
proximity to the Taxol-binding site. Studies with PH]3'- 
(p-azidobenzamido)Taxol, where the arylazide was 
incorporated into the C-13 side chain, resulted in the 
isolation of a photolabeled peptide containing amino- 
acid residues 1-31 in /?-tubulin (Rao et al., 1994). 
Studies with pH]2-(m-a2idobenzoyl)Taxol, where the 
photoreactive group was attached to the B ring of the 
taxoid nucleus, demonstrated that a peptide containing 
amino-acid residues 217-233 of P-tubuUn was involved 
in interacting with the 2-benzoyl group (Rao et al., 
1995). Finally, when a benzophenone (BzDC) substitu- 
ent was attached to the C-7 hydroxyl group of the C 
ring, specific photocrossUnking to Arg2g2 was observed 
(Rao et al., 1999). 

In the electron crystallographic model obtained by 
Nogales and collaborators, the Taxotere-binding site is 
located at one side of the )S-tubuUn monomer that is 
believed to reside within the microtubule lumen. 
Although the tubuhn model is derived from an unnatural 
polymer, there was excellent agreement between the 
binding site, as determined by photoafBnity labeling and 
electron crystallography. Using the three contact sites 
obtained through our photoaffinity-labeling studies, we 
proposed a model for the binding of Taxol to )S-tubulin, 
based on the electron crystallographic model of a/jS- 
tubulin (Rao et al., 1999). The composite model was 
developed using Taxol containing nitrenes at the para 
position of the C-3' benzamido (labeling residues P 1-31) 
and the meta position of the C-2 benzoyl moieties 
GabeUng residues j8 217-233), and the BzDC group at 
the C-7 hydroxyl position (labeling )S-Arg282), and is 
based on the energy-minimized conformation of 7-BzDC 
Taxol, derived from the X-ray structure of Taxol. In this 
model, the nitrene on the C-3' benzamido group is close 
to Val23, in good agreement with the photoaffinity- 
labeUng result, while the nitrene at the meta position of 
the C-2-benzoyl group fits into a pocket formed by the 
imidazole ring of His227 and the side chain of Asp224 
(Figure 2). Finally, the photoreactive oxygen atom of the 
7-BzDC group can be located at ~ 3 A distance from the 
a-carbon of Arg282 in jff-tubulin. 

More recently, two additional models for the Taxol: 
microtubule interaction have been proposed. Based on 
data derived from a combination of fluorescence energy 
transfer (FRET) spectroscopy and solid-state rotational 
echo double-resonance (REDOR) NMR, Li et al. (2000) 
proposed an orientation for the microtubule-bound 
Taxol, which differs from that suggested by electron 

crystallography and photoaffinity-labeling studies. In 
this alternate model, Taxol is rotated 180° in its binding 
site compared to our model. An additional model 
proposed by Snyder et al. (2001) is based on docking 
individual conformers of Taxol, derived from X-ray 
crystal structures and NMR studies, into the experi- 
mental density map of the tubulin-Taxotere complex. In 
this model, the C-3' benzamido and the 2-benzoyl 
groups are positioned as depicted in the earlier model of 
Rao et al. (1999). The C-7 hydroxyl group of Taxol is in 
close proximity to Thr274 (Figure 2). 

The Taxol-binding site is close to the M-loop, which 
participates in lateral interactions with the H3 helix of 
the adjacent ^-tubulin monomer in the microtubule 
(Figure 2). It has been proposed that Taxol-induced 
stabilization of microtubules is mediated via strengthen- 
ing of lateral contacts between protofilaments, via a 
conformational change in the M-loop (Nogales, 2000). 
Our finding that 7-BzDC Taxol photoincorporates into 
Arg282 of the M loop may account for the unusual 
microtubule-binding properties of this Taxol analog. We 
observed that 7-BzDC Taxol did not promote tubulin 
polymerization; yet the analog can stabilize GTP- 
induced microtubixles against cold-induced depolymer- 
ization (Rao et al., 1999). Based on our model of the 7- 
BzDC Taxol: tubulin interaction, it is hkely that the 
analog can bind to small tubulin oUgomers, but the 
presence of the bulky BzDC group in the vicinity of 
the M-loop prevents free tubuhn dimers from associat- 
ing with these stabilized nucleation centers. The M-loop 
has also been implicated in the unusual cold stabiHty of 
Antarctic fish tubuhn (Detrich et al., 2000). It has been 
suggested that two amino-acid substitutions within the 
M-loop of each a- and ^-monomer (A278T/S287T in a 
and S280G/A285S in ^ strengthens the lateral interac- 
tions between adjacent protofilaments by increasing the 
M-loop flexibiUty. It should be noted that the region of 
a-tubulin corresponding to the hydrophobic Taxol- 
binding pocket of j8-tubulin is occupied by an eight- 
amino-add loop, the S loop (residues 362-369, Figure 2) 
(Nogales et al., 1998, 1999; Downing, 2000; Nogales, 
2000). It has been suggested that this segment of a- 
tubulin acts as an endogenous microtubule-stabihzing 
factor by promoting the lateral association between 
protofilaments. We had proposed, a number of years 
ago, that Taxol was a mimetic of a naturally occurring 
microtubule-stabilizing factor (Horwitz et al., 1986). 

Binding site for non-taxane-based microtubule-stabilizing 
drugs 

Several natural products, all with unique structures 
unrelated to that of Taxol, have been reported to have 
similar mechanisms of action as Taxol (Figure 1; He 
et al., 2001). Epothilones A and B, isolated from a 
Myxobacterium fermentation broth, were found to 
induce tubuhn polymerization, arrest cells in mitosis 
and cause the formation of microtubule bundles (Bollag 
et al, 1995). Epothilone B was reported to be more 
potent than Taxol and epothilone A in promoting 
microtubule  assembly  in  vitro.  Discodermolide was 

Oneogene 



Mechanisms of taxol resistance 
GA Orr et a/ 

7285 
isolated from a marine sponge and reported to induce 
the assembly of microtubules in vitro more rapidly than 
Taxol, and to cause mitotic arrest and microtubule 
bundling (Hung et al, 1996; ter Haar et al, 1996; 
Kowalski et al, 1997). Interestingly, the combination of 
Taxol and discodermolide exhibited a synergistic cyto- 
toxic interaction in human carcinoma cell lines (Mar- 
tello et al,  2000).  A fourth microtubule-stabilizing 
agent, eleutherobin, was isolated from a marine soft 
coral and shown to have activity comparable to that of 
Taxol (Long et al, 1998; Hamel et al, 1999). The 
epothilones, discodermoUde and eleutherobin, are all 
competitive inhibitors of the bindmg of PH]-Taxol to 
microtubules, suggesting that these drugs interact at the 
same or an overlapping binding domain on ^-tubulin 
(He et al, 2001). The lauUmalides are another group of 
natural products that display microtubule-stabilizing 
activity (He et al., 2001). However, it appears that 
laulimalide binds at a site on the tubulin polymer that is 
distinct from the taxane-binding site (Pryor et al, 2002). 

We discovered that 2-7M-azido baccatin III, a Taxol 
analog lacking the C-13 side chain but with a meta azido 
benzoyl group at the C-2 position, possesses all of the 
activities that are characteristic of Taxol (He et al, 
2000). Although not as active as Taxol, it does promote 
microtubule assembly in the absence of GTP, stabilizes 
microtubules and competitively inhibits the binding of 
PH]-Taxol to the microtubule protein. The observation 
that the C-13 side chain is not an absolute requirement 
for biological activity in a taxane molecule allowed us to 
propose a new common pharmacophore model between 
Taxol and epothilone (He et al, 2000). In this model, the 
thiazole side chain of epothilone corresponds to the C-2 
side chain of 2-m-azido baccatin III, and binds in the 
pocket formed by His227 and Asp224. The macrolide 
ring system of the epothilones overlaps with the taxane 
ring system.  This model of the epothilone: tubulin 
interaction is essentially equivalent to one of the two 
models proposed by Fojo's group, based on ^-tubulin 
mutations identified in epothilone-resistant cells (Gian- 
nakakou et al, 2000). 

Although Taxol does not promote the in vitro 
assembly of yeast tubulin, it has been recently demon- 
strated that the epothilones do (Bode et al, 2002). 
Comparison of the primary sequences of mammalian 
and yeast tubulins show sequence variations at several 
positions known to be important for Taxol binding. 
These include K19A, V23T and D26G substitutions in 
the N-terminal domain of )S-tubulin, residues that make 
contact with the 3'-beiizamidophenyl group of Taxol. In 
our proposed model (He et al, 2000), the epothilones do 
not make contact with the N-terminal domain of )S- 
tubulin, potentially explaining their abihty to interact 
with yeast tubulin. 

Resistance to taxol in ceU lines 

Alterations in microtubule dynamics 

Since the Taxol-binding site is present only on poly- 
merized tubulin, and not on tubuUn dimers, selection of 

a less stable polymer, that is, a polymer with increased 
microtubule dynamics, could potentially offer a survival 
advantage for a tumor challenged with a microtubule- 
stabilizing drug such as Taxol. Two potential models 
describing the relationship between resistance to micro- 
tubule-active drugs and cellular microtubule dynamics 
have been proposed. According to Cabral and co- 
workers, Taxol-resistant cell lines contain 'hypostable' 
microtubules in which the equilibrixmi between the 
dimer and polymer is shifted towards the former (Cabral 
et al., 1986; Cabral and Barlow, 1989; Minotti et al, 
1991).  As  such,  these  cells  will  display  increased 
resistance to polymer-binding drugs like Taxol, and 
increased  sensitivity   towards  tubulin  dimer-spedfic 
agents, such as vinblastine and colchicine. In addition, 
this  model  offers  a  potential  explanation  for  the 
intriguing observation that some Taxol-resistant cell 
lines have an absolute requirement for low concentra- 
tions of Taxol for normal cell growth. In these drug- 
dependent cells, the stability of the polymer is appar- 
ently perturbed to such an extent that normal cell 
function is compromised, and the cells require low 
concentrations of Taxol for survival. Based on the 
observation that low concentrations of microtubule- 
stabilizing and -destabilizing drugs inhibit microtubule 
dynamics without altering polymer mass, Wilson and 
Jordan have suggested that in Taxol-resistant cell lines, 
the equilibrium between weakly and highly dynamic 
microtubules has been shifted towards the latter (Derry 
et al,  1995; Wilson and Jordan,  1995; Jordan and 
Wilson, 1998; Goncalves et al, 2001). 

The dynamics of individual rhodamine-labeled micro- 
tubules in Taxol-sensitive and -resistant A549 cell lines, 
derived from a human lung carcinoma, have been 
quantified by digital time-lapse microscopy (Goncalves 
et al, 2001). The A549-T12 and -T24 cell Unes, nine- and 
17-fold resistant, respectively, to Taxol were selected by 
continual exposure of the parental drug-sensitive, cell 
line to increasing concentrations of drug. Significantly, 
both resistant cell lines are also dependent on low 
concentrations of Taxol (2nM) for growth, and become 
blocked in the G2/M phase of the cell cycle if the drug is 
removed. Both resistant cell Unes exhibited increased 
dynamic instability compared with the parental, drug- 
sensitive, cell Une. Several potential mechanisms can be 
envisaged by which microtubule dynamics could be 
modulated in a Taxol-resistant cell Une, and include 
altered tubulin isotype expression, mutations to tubulin 
that affect either longitudinal/lateral interactions or 
binding of regulatory proteins, alterations to tubuUn 
through post-translational modifications that modify 
regulatory protein binding, and altered expression or 
post-translational modifications to tubuUn-/microtu- 
bule-regulatory proteins. 

Altered expression of ^tubulin isotypes 

Inherent differences in the assembly properties, micro- 
tubule dynamics and drug interactions among some of 
the )?-tubulin isotypes have been revealed by in vitro 
analysis of immunoaffinity-purified isotypes prepared 
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from bovine brain tubulin (3% class I, 58% class II, 
25% class III and 13% class IV )?-tubulin) (Banerjee 
et al, 1990, 1992; Lu and Luduena, 1993, 1994; Panda 
et al, 1994; Derry et al, 1997). It was reported that 
microtubules assembled from jSIII-tubulin had distinct 
assembly properties compared to /?I1-, piV- or unfrac- 
tionated tubulin (Banerjee et al, 1990; Lu and Luduena, 
1993, 1994). ^m-tubulin required the highest critical 
concentration of tubulin for assembly, exhibited a 
distinct delay in nucleation and proceeded at a slower 
rate compared to other isotypes. Since the differences in 
assembly occurred in the absence of MAPs, this would 
suggest that the various tubulin isotypes, by themselves, 
can modulate microtubule dynamics (Panda et al, 
1994). In fact, microtubules containing only /Slll-tubulin 
exhibited a dynamicity more than double that of ^11- 
and jSrV-derived microtubules (Panda et al, 1994). As a 
result,   microtubules  composed   exclusively  of jSIII- 
tubulin are less stable than microtubules composed of 
either  )?II-   or  ^I-tubulin.   Nevertheless,   when   )?II- 
microtubules were spiked with /Slll-tubuUn, the result- 
ing microtubules exhibited decreased, not increased 
dynamicity.  Derry  et al  (1997)  demonstrated that 
microtubules composed of either ^ffl- or jSIV-tubulin 
were considerably less sensitive to the suppressive effects 
of Taxol on microtubule dynamics, than microtubules 
assembled from j5n or imfractionated tubulin. Collec- 
tively, these in vitro studies suggest that microtubule 
dynamics, and the effects of Taxol on this process, can 
be modulated by the /?-tubulin isotype composition. 
Such studies have formed the basis for the idea that 
altered cellular expression of /?-tubuUn isotypes, espe- 
cially jSIII and prSt, could be an unportant determinant 
in cellular resistance towards Taxol. However, there are 
two major caveats to these in vitro studies. First, the a- 
tubuUn isotype composition of the inamunoaffinity- 
purified )S-tubuUn isotypes has not been determined. 
Bovine brain tubulin has three major a-tubulin isotypes, 
al, al, and a4, all of which are extensively post- 
translationally modified. Preferential association be- 
tween  specific  a-  and  ^-isotyi)es  could  complicate 
the analysis of any in vitro studies. Second, /?I, not jSII, 
is the major )S-tubuUn isotype in non-neuronal cells, and 
the influence of pill- and j8IV-tubulins on jSI-micro- 
tubule   dynamicity   has   not   been   determined.   So, 
although mammalian brain tubuUn is a rich and readily 
available source of tubuUn for in vitro studies, its tubulin 
composition is probably not representative of many 
human cancer cell lines and tiunors. 

There have been numerous reports of altered 
expression of individual ^-tubulin isotypes m cells 
that have been selected for resistance to antimitotic 
agents (see Table 1). Analysis of ^-tubiilin isotypes in 
Taxol-resistant cells has been performed by utilizing 
isotype-specific primers for RT-PCR analysis, as well as 
isotype-specific antibodies for Western blot analysis 
and/or immunofluorescence. In the Taxol-resistant non- 
small lung carcinoma cell lines A549-T12 and A549- 
T24, described above, RT-PCR analysis demonstrated 
that the class III and IVa isotypes, which were barely 
detectable in the parental cell line, increased ~ 2-3-fold, 

in the A549-T12, and ~ fourfold in the A549-T24 cell 
lines (Kavallaris et al, 1997). The increase in JSIII 
tubulin in A549-T24 cells was confirmed by immuno- 
fluorescence. Likewise, a twofold increase in class IVa ^- 
tubuUn mRNA and protein level was noted in a K562 
erythroleukemia cell line that was ninefold resistant to 
Taxol (Jaffrezou et al, 1995). Selection of a human 
prostate  carcinoma cell  line,  DU-145,  with  Taxol 
produced alterations in the expression levels of both 
class m and Iva (Ranganathan et al, 1998a). The DU- 
145 cell line, which was fivefold resistant to Taxol, had 
an ~ threefold increase in total a- and ^-tubuUn, and a 
fourfold increase in class III protein with a ninefold 
increase at the RNA level. Nicoletti et al (2001), using 
RT-PCR, analysed )S-tubuhn isotype composition in a 
subset of 17 cancer cell hnes from the National Cancer 
Institute-Anticancer Drug Screen. In these cell hnes, )SI 
was the major tubulin isotype accounting for 85-99% of 
all   the   ^-tubulin   mRNA.   Significantly,   when   the 
sensitivities of these ceU hnes towards antimitotic drugs, 
including Taxol, vinblastine, vincristine and rhizoxin, 
were correlated with the absolute levels of mRNA 
expression for the various ^-tubiilin isotypes, it was 
found that sensitivity towards Taxol, but not the three 
other   antimicrotubule   drugs,   correlated  with   ^III- 
tubulin levels. After ^I, the /SIII mRNA was the next 
predominant message expressed in these cell lines, with 
levels ranging from 0.5 to 14%. 

All these studies imply that altered expression of )S- 
tubuhn isotypes, especi^dly class III and IVa, may be 
correlated with Taxol sensitivity. This hypothesis is 
supported by analysis of tubulin isotypes in cells not 
selected for drug resistance. A study of brain cell lines 
with different intrinsic levels of class III jS-tubulin 
showed that all were able to accumulate Taxol to a 
similar extent (Ranganathan et al, 1998b). However, 
the two cell hnes with elevated levels of class III protein 
were ~ 5.5-fold less sensitive to Taxol, compared to the 
cell line that had no detectable levels of class HI. Studies 
in HT29-D4, a human colon adenocardnoma cell line, 
that is used as a model for epithehal cell differentiation, 
also support a role for jSIII in determining cellular 
sensitivity towards Taxol (Carles et al, 1999). Undiffer- 
entiated HT29-D4 cells are malignant and proliferate 
rapidly. After galactose-induced differentiation, the cells 
take on the appearance of polarized epithehal ceUs. 
Interestingly, the cytotoxicity of Taxol towards HT29- 
D4 cells depends upon their differentiation status. 
Although bundling of microtubules occurred in undif- 
ferentiated cells in the presence of Taxol, the micro- 
tubules of the differentiated cells failed to bimdle even 
though they accumulated twofold more drug than the 
undifferentiated cells. RT-PCR and immunoblot ana- 
lyses have demonstrated that the class I, II, III, FVa and 
IVb /S-tubulin isotypes were expressed in HT29-D4 cells. 
However, a selective increase in class III )S-tubulin 
mRNA and protein occiirred upon differentiation. In 
other studies, cell lines overexpressing EGFRvIII and 
HER2 oncogenic growth factors had decreased sensi- 
tivity to Taxol (Montgomery et al, 2000). Significantly, 
Taxol-induced polymerization was suppressed in these 
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Table 1   Alterations in tubulin composition associated with resistance to Taxol 

Cell line' Alteration in tubulin contend' 

Taxol-selected 
NCIH460/T800 Oung) 
A549-T12 (lung) 

A549-T24 (lung) 

H69/Txl Oung) 
MCF-7-PTX30 (breast) 

S2/TXT (pancreas)" 

DU-145-PaclO (prostate) 

IA9PTX22 (ovary) 

K562-KPTA5 (erythroleukemia) 

J7-T1 (murine macrophage-like) 

Taxol-resistant ovarian tumor samples 

Not drug-selected 
NIH3T3-HC2 (murine fibroblast) 

HT29-D4 (colon) 

SF 295 vs SF 539 (glioblastoma) 
SNB75 vs SF539 (glioblastoma) 
17 Human cancer cell lines 

Fold resistance 
to TaxoM 

Reference 

Tubulin (fold increase)' Detection method 

(X-Tubulin (t) 
^III (2) 
^a(3) 
PIII (4) 
m (T) 
/JIVa (4) 
Acet a-tubulin (t) 
Tyr a-tubulin (2) 
^in (2) 
^IV (1.5) 
^11 (2.4) 
JSIII (2.3) 
a- and )S-tubulin (3) 
^III (4) 
^n(9) 
^a(5) 
pi (1.8) 
/jrVa (0.03) 
^rVa (2) 
jsiv(T) 
pi (1-9) 
/JII (21) 
Pl (3.6) 
^III (4.4) 
^rVa (7.6) 

^rVa (2.5) 
^rVb (3.1) 
^11 (1.7) 
pin (t) 
Tyr a-tubulin (i) 
m (t) 
^n(T) 
^11 (!) 

WB 
RT-PCR 
RT-PCR 
RT-PCR 
NBIF 
RT-PCR 
WB 
WB 
WB 
WB 
RT-PCR 
RT-PCR 
IF IF 
WB 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
WB 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 

RT-PCR 
RT-PCR 
RT-PCR 
WB 
WB 
WB 
WB 
RT-PCR 

1000« 
9 

Kyu-Ho et al. (2000) 
Kavallaris et al. (1997) 

17f Kavallaris et al. (1997) 

4.7 
ND 

Ohta et al. (1994) 
Baneqee (2002) 

9.5' Liu et al. (2001) 

5 Ranganathan et al. (1998a) 

24 Giannakakou et al. (1997) 

9 Jaffrezou et al. (1995) 

2200= Haberf<a/. (1995) 

NA Kavallaris et al. (1997) 

3.3 Montgomery et al. (2000) 

1000 Carles et al. (1999) 

5.5 
5.5 

T 

Ranganathan et al. (1998b) 
Ranganathan et al. (1998b) 
Nicoletti et al. (2001) 

'Human cell lines except where noted. 'WB, Western blotting; RT-PCR, reverse transcriptase-polymerase chain reaction; IF, immunofluorescence; 
NB, Northern blotting; acet, acetylated; tyr, tyrosinated. ICso-resistant cell line/ICjo parental cell line. ND, not determined; NA, not available. 
■Vertical arrows indicate relative increase or decrease. 'Expresses high levels of Pgp. "Expresses very low levels of Pgp. "Selected with Taxotere 

cells compared to cells expressing wild-type EGFR. 
Increases in class IVa )S-tubulin were observed in both 
oncogene-transfected cell lines. Introduction of a muta- 
tion into the kinase domain of the receptor, thereby 
inhibiting EGFRvIII kinase actixdty, partially reversed 
resistance to Taxol and decreased expression of the class 
IVa ^-tubulin by 50%. These studies are highly signifi- 
cant since they suggest that certain oncogenes can alter 
drug sensitivity by modulating /?-tubulin isotype levels. 

Alterations in ^tubulin isotype levels by transfection studies 

To validate definitively that tubulin isotype composition 
can modulate Taxol sensitivity, specific isotype levels 
must be modulated in drug-naive cells using either 
protein overexpression or antisense oligonucleotide 
approaches. In three reported transfection experiments, 
stable overexpression of class I, II and IVb )S-tubulin 
genes in Chinese hamster ovary (CHO) cells (Blade et al., 
1999), the class II ^-tubulin gene in NIH 3T3 cells 
(Burkhart et al., 2001) and pui in a human prostate 
carcinoma cell line (Ranganathan et al., 2001) failed to 

confer resistance to Taxol. However, downregulation of 
class III )S-tubulin by antisense oligonucleotides in 
Taxol-resistant A549-T24 cells resulted in a 40-50% 
decrease in both class III mRNA and protein levels, and 
was associated with a 39% increase in sensitivity to 
Taxol (Kavallaris et al, 1999). 

It is important to consider why overexpression of 
tubulin isotypes in drug-naive cells failed to confer a 
resistant phenotype, while downregulation of ^ni 
tubuhn in a drug-resistant cell line was modestly 
effective in altering drug sensitivity. Attempts to 
modulate specific jS-tubulin isotype levels in cells are 
compUcated by compensatory changes in the expression 
levels of other ^-tubulin isotypes. The mechanisms of 
transcriptional regulation of a- and ^-tubulin synthesis 
are distinct. Cellular )5-tubuUn levels are autoregulated 
by cotranslational degradation of mRNAs. This nega- 
tive feedback control utiUzes a tetrapeptide, MREI, in 
the N-terminus of )S-tubulins, to induce a signal for 
message degradation. 

^I-Tubulin is the major isotype in all of the trans- 
fected cells and, as discussed previously, is the least 
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studied of the isotypes in terms of in vitro microtubule 
assembly and dynamics. It has yet to be established 
whether ^III or ^IV isotypes can alter the dynamics of 
microtubules composed predominately of )?I tubulin. It 
is also possible that the levels of overexpression achieved 
in the above transfection experiments were not sufficient 
to alter microtubule dynamics and thus produce a 
resistance phenotype. RT-PCR analysis and isotype- 
specific antibodies were used in these studies to quantify 
isotypic changes. Unfortimately, quantitation of tubulin 
mRNA levels may not accurately reflect the protein 
profile in transfected cells. Likewise, antibody-based 
methods can only give relative, not absolute, levels of a 
specific tubulin isotype in cells. Our research group has 
recently described a mass spectrometry-based method 
for analysing hxmian tubulin isotype composition (Rao 
et al., 2001). By incorporating stable isotope quantita- 
tion into this method, we anticipate that we will be able 
to determine absolute levels of each isotype in cells and 
tissues. 

Finally, altered expression of ^-tubulin isotypes may 
not be directly related to the resistant phenotype, but 
represents a secondary effect that may require the 
participation of additional isotype-spedfic regulatory 
proteins. Since it is known that some MAPs bind to the 
highly divergent, but isotope-specific C-terminal regions 
of tubulin, it would not be unexpected if such regulatory 
proteins exist and are coordinately expressed along with 
their respective isotype upon drug selection. This 
scenario would explain why simple overexpression of 
tubuhn isotypes in drug-sensitive cells cannot produce a 
resistance phenotype; yet alterations in drug sensitivities 
of resistant cell Unes can be observed using an antisense 
approach. 

Alterations in a-tubulin isotype composition 

The a-tubulin isotype composition also has the potential 
to affect the drug sensitivity of cells (Table 1). Under in 
vitro conditions, tubulin enriched by immunoaffinity 
purification in the tyrosinated al, a2 isotypes was shown 
to assemble three times faster than the nontyrosinated 
forms (Banerjee and Kasmala, 1998). At the cellular 
level, the lung carcinoma cell Une, NCI-H460/T800, an 
MDR-expressing cell which is 1000-fold resistant to 
Taxol compared to the parental cell line, overexpresses 
its a-tubulin protein, but not at the mRNA level (Kyu- 
Ho Han et al., 2000). Downregulation of k-al-tubulin in 
this resistant cell line using an anti-sense DNA construct 
caused a 45-51% increased sensitivity towards Taxol in 
three independent clones. Furthermore, overexpression 
of k-al-tubulin in the parental H460 cells caused a 2.5- 
fold increase in resistance towards Taxol. Interestingly, 
both the antisense and sense clones also displayed 
altered sensitivities towards vinblastine and colchicine, 
but not to nocodazole. 

Point mutations in tubulin leading to alterations in 
microtubule dynamics 

Tumor cell lines selected for resistance to Taxol often 
demonstrated altered migration of a- and ^-tubulin 
by two-dimensional gel electrophoresis. Several lines 
of evidence suggest that many of the Taxol-resistant 
cells contained a less stable microtubule polymer. 
Some of the selected cell lines were Taxol-dependent, 
and exhibited lower levels of microtubule assembly 
than the parental drug-sensitive or the Taxol-indepen- 
dent, but resistant, cell lines (Table 2). Moreover, many 
of the  Taxol-resistant  lines  were  hypersensitive  to 

Table 2   Tubulin mutations associated with resistance to Taxol 

Cell line' Mutation'' Fold resistance to drug' Taxol Impairment of Reference 
dependence drug-induced 

polymerization 
Taxol Vinblastine Colchicine 

Taxol 
A549-T12 aSer379Ser/Arg 9 1.5 1.0 + + + + Taxol no Martello et al. (2003) 
A549-T24' aSer379Ser/Arg 17 1.4 1.3 + + + + Taxol no MarteDo et al. (2003) 
1A9PTX10 ^he270Val 24 0.5 ND' - Taxol yes; EpoB no Giannakakou et al. (1997) 
1A9PTX22 pAla364Thr 24 0.4 ND - Taxol yes; EpoB no Giannakakou et al. (1997) 
CHO-Tax mutants ^Leu215His 2-3 ND ND - Taxol no Gonzalez-Garay et al. (1999) 

)SLeu215Arg - 
PLeu215Phe + + + + 
PLeu217ATg - 
PLeu228Phe + + + + 
j!Leii??8His ♦ ♦ ♦ + + + + t T 

MDA-MB-23I/K20T ^Glul98Gly 19 1.0 ND - Taxol no Wiesen et al. (2002)^ 

Epothilone A or B 
A549.EpoB40 ^Glu292Glu 22 0.5 0.6 + EpoB yes He et al. (2001) 
HeLa.EpoA9 ^ro!73Pro/Ala 6.4 0.9 0.6 + ND He et al. (2001) 
HeLa.EpoBl.8 ^yr422Tyr/Cys 2.8 1.6 0.4 + + ND He et al. (2001) 
1A9/A8 ^Tlir274ne 10 ND ND — Taxol yes; EpoA yes Giannakakou et al. (2000) 
1A9/B10 ^Arg282Gln 6.5 ND ND - Taxol yes; EpoA yes Giannakakou et al. (2000) 

■The drug used for selection is indicated. 'Location of mutation is described in text and Figure 3. 'ICso-resistant cell line/ICso parental cell line. 
"'+ + + +, total dependence; + +, medium dependence; +, low dependence; -, no dependence. 'Expresses very low levels of Pgp. 'Not 
determined. ^Proceedings of the AACR 93rd Annual meeting, 2002, Vol. 43, p. 788, #3906 
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microtubule-destabilizing drugs, such as vinblastine or 
colchicine, that bind to free tubulin dimers. A detailed 
analysis of class I )S-tubulin mutations in Taxol-resistant 
CHO cell lines, isolated by single-step selection, revealed 
a cluster of mutations at leucines 215, 217 and 228 
(Gonzalez-Garay et al, 1999). It was concluded that 
resistance in these cells was due to the mutations that 
altered microtubule dynamics by affecting the lateral/ 
longitudinal interactions important for microtubule 
assembly. By destabilizing microtubules, these muta- 
tions apparently counteract the stabilizing effects of 
Taxol. Importantly, using a tetracycline-regulated ex- 
pression system, it was shown that the low-level 
expression of jS-tubulin containing any one of these 
mutations conferred Taxol resistance in CHO cells. 

Three new epothilone-resistant cell lines have been 
selected in our laboratory in A549 and HeLa cells. These 
resistant cell lines are crossresistant to the taxanes and 
do not express the MDRl gene. Sequence analysis of the 
class I )?-tubulin from these resistant cell lines revealed 
that there were single point mutations at )S292 (Gin to 
Glu), ^173 (Pro to Ala) and /?422 (Tyr to Tyr/Cys), 
respectively. These mutations are near the M-loop, the 
nucleotide-binding site and the C-terminus, regions that 
are involved in stabilizing the lateral contacts between 
adjacent protofilaments, the hydrolysis of GTP and the 
binding of MAPs, respectively (Figure 3). It is Ukely that 
these mutations decrease the endogenous stabiUty of the 
microtubule to compensate for the activities of micro- 
tubule-stabilizing drugs. Consistent with this hypothesis, 
it was found that these resistant cell Unes became more 
sensitive to microtubule-destabilizing drugs such as 
vinblastine and colchicine. 

Sequencing of the class I ^-tubulin gene in the A549-T12 
cells did not reveal any mutations. However, a hetero- 
zygous point mutation in K-al tubulin was found at 
residue 379 (Ser to Ser/Arg) (Martello et al., 2003). The 
expression of both the wDd-type and mutated a-tubulins in 
the A549-T12 cell line was confirmed by mass spectro- 
metry (Verdier-Pinard et al, 2003). This region of a- 
tubulin is near the C-terminus, and is close to the proposed 
sites of interaction for both MAP4 and stathmin. 

Post-translational modifications to tubulin 

As mentioned previously, the structural diversity of the 
tubulin protein family is further increased by extensive 
post-translational modifications. All of the post-transla- 
tional modifications, except acetylation, occur within 
the C-terminal 20 amino acids of a- and )?-tubulin 
chains. Since several MAPs have been shown to interact 
with the C-terminal region of tubulin, it is possible that 
reversible post-translational modifications to this region 
of tubuhn could regulate its interaction with MAPs, thus 
modulating microtubule dynamics. It is known that the 
ability of several structural and motor MAPs, including 
tau, MAP-2 and kinesin, to interact imder in vitro 
conditions with the microtubule cytoskeleton is regu- 
lated by the level of polyglutamylation of the a-and P- 
tubuhns (Bouchef et al., 1994; Larcher et al., 1996; 
Bonnet et al., 2001). The levels of tubulin glutamylation 

and tubulin polyglutamylase activity were shown to be 
cell cycle dependent (Bobinnec et al., 1998; Regnard 
et al., 1999). Although enzymatic activity peaked in 
G2 phase, the level of glutamylated tubuUns was maxi- 
mally elevated in mitosis, suggesting a complex regula- 
tion involving both polyglutamylase and deglutamylase 
activities. Removal of phosphate from ^III tubulin by 
protein phosphatase 2A inhibited MAP-2-stimulated in 
vitro microtubule assembly (Khan and Luduena, 1996). 

Utilizing 2-D gel electrophoresis, P19 embryonal 
carcinoma cells demonstrated increased expression of 
the more acidic isoforms of )5III tubulin after Taxol 
treatment (Laferriere and Brown, 1996). The lack of ^^Pi 
incorporation into the more acidic /?III isoform suggests 
that glutamylation was responsible for the shift in 
isoelectric point. In the case of a Taxol-resistant human 
small lung cell carcinoma, increased acetylation of a- 
tubuUn was observed (Ohta et al., 1994) (Table 1). 
However, it is likely that these modifications reflect 
substrate preference, namely polymer over dimer, of the 
modifying enzymes, and are not directly associated with 
Taxol resistance. To date, however, there is Uttie 
evidence that altered post-translational modifications 
are a major determinant of cellular sensitivity towards 
Taxol or any tubulin-directed antimitotic agent. 

Altered expression/post-translational modifications of 
tubulin-lmicrotidbule-regulatory proteins 

Proteins that regulate microtubule dynamics by inter- 
acting with tubulin dimers or polymerized microtubides 
clearly have the potential to modulate the sensitivity of a 
cell towards Taxol. Stathmin, a microtubule destabiU- 
zer, and MAP4, a microtubule stabilizer, represent such 
proteins that regulate the dynamics of cellular micro- 
tubules. Stathmin is a soluble cytoplasmic protein that 
can bind to tubulin dimers and stimulate microtubule 
catastrophes (Belmont and Mitchison, 1996; Cassimeris, 
2002). This destabilizing activity is regulated by 
phosphorylation, and is lost when stathmin is fully 
phosphorylated (Marklimd et al., 1996; Horwitz et al., 
1997). MAP4 is the predominant human non-nem-onal 
MAP, and the microtubule-stabilizing function of 
MAP4 is also regulated by phosphorylation (Chapin 
et al., 1995; Chang et al., 2001). MAP4 alters micro- 
tubule dynamics by increasing the rescue frequency, 
without affecting the catastrophe frequency. Phosphor- 
ylation of MAP4 results in a loss of this microtubule- 
stabilizing activity. The overexpression/activation of 
stathmin and/or the downregulation/inactivation of 
MAP4 should increase the dynamicity and decrease 
the stability of microtubules. Such changes in cancer 
cells could reduce the microtubule-stabilizing potency of 
Taxol, and confer a mechanism of resistance to the drug. 
Inversely, the potency of microtubule-depolymeriang 
drugs like vinca alkaloids could be enhanced. 

Downregulation of stathmin, by a stathmin antisense 
construct stably transfected into K562 erythroleukemia 
cells, produced a synergistic inhibition of their growth 
and clonogenicity when treated with low concentrations 
of Taxol,   and  were  more  resistant  to  vinblastine 
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compared to control mock-transfected cells (lancu et al., 
2000, 2001). In contrast, overexpression of stathmin in 
human lung carcinoma cells sensitized the cells to 
vindesine and vincristine, but did not significantly 
decrease their sensitivity to Taxol or Taxotere (Nishio 
et al., 2001). Moreover, stathmin inhibited in vitro 
Taxol-induced polymerization of microtubules (Larsson 
et al., 1999). Altogether, these data indicate that 
overexpression of active stathmin in cancer cells could 
decrease their sensitivity to Taxol by opposing the 
microtubule-stabilizing effect of Taxol. 

Alterations in expression of various forms of MAP4 
are also predicted to modulate cancer cell sensitivity to 
microtubule-interacting drugs. Inhibition of MAP4 
expression by an antisense approach decreased micro- 
tubule polymer levels in HeLa cells, whereas over- 
expression of MAP4 increased microtubule stabiUty. 
MAP4 expression has been shown to be transcription- 
ally repressed in the presence of wild-type p53 (Murphy 
et al, 1996), and Hait and co-workers demonstrated 
that inactivation of p53 in murine fibroblasts increased 
their sensitivity to Taxol, but decreased their sensitivity 
to vinblastine (Zhang et al., 1998). This group confirmed 
this trend when they induced p53 by treating the same 
cells with DNA-damaging agents, and observed a 
decrease in Taxol sensitivity and an increased sensitivity 
to vinblastine (Zhang et al., 1999). MAP4 phosphoryla- 
tion and dissociation from microtubules correlated with 
a decrease in Taxol sensitivity in Taxol-resistant ovarian 
cell lines (Poruchynsky et al., 2001). In contrast, the 
expression of nonphosphorylated forms of MAP4 is 
increased in vinblastine-resistant cells (Kavallaris et al., 
2001). 

The protein levels of stathmin and MAP-4 have been 
quantified in the Taxol-sensitive and -resistant A549 cell 
lines. The stathmin protein levels in the A549-T12 and - 
T24 resistant cell liiies were increased ~ twofold com- 
pared to the parental drug. Since stathmin activity is 
regulated by phosphorylation, its phosphorylation status 
was also evaluated. In the parental A549 cells, exposure 
to increasing concentrations of Taxol caused a shift from 
the nonphosphorylated and active form of stathmin to 
the fully phosphorylated and inactive protein. Signifi- 
cantly, no shift in phosphorylation was observed in the 
two Taxol-resistant cell lines. With regard to MAP4, 
the parental cell line expressed exclusively the nonpho- 
sphorylated and active form of the microtubule-stabiliz- 
ing protein, whereas A549-T24 cells predominately 
expressed the phosphorylated and inactive form. A549- 
T12 cells that display lower resistance to Taxol than the 
A549-T24 cell line expressed both forms of MAP4. These 
changes in the tubulin-/microtubule-regulatory proteins 
observed in the Taxol-resistant A549 cell lines would be 
predicted to act in concert, to increase the dynamicity of 
their microtubules. 

The regulation of microtubule dynamics by inter- 
acting proteins is complex, and is likely to involve a 
variety of proteins in addition to stathmin and MAP4. 
For example, the expression levels of MAP4 and E- 
MAP-115, another MAP expressed in cells of epitheUal 
origin, were quantified during HT29-D4 cell differentia- 

tion. Levels of MAP-4 did not vary during differentia- 
tion. However, extremely low levels of E-MAP-115 were 
present in undifferentiated cells, and the levels were 
upregulated significantly during the differentiation 
process. Overexpression of E-MAP-115 in MCF-7 and 
HeLa cells increased their sensitivity towards Taxol 
(Gruber et al, 2001). 

Altered binding of taxol to the microtubule 

The acquisition of mutations that confer altered binding 
of a drug to its primary target is a recurring theme in 
drug resistance. Not unexpectedly, examples of altered 
drug binding have been identified in cell lines resistant to 
microtubule-stabilizing drugs. Two independent Taxol- 
resistant human ovarian carcinoma cell lines, 
1A9PTX10 and 1A9PTX22, have been isolated, and 
are 24-fold resistant to Taxol, but are hypersensitive to 
vinblastine (Giannakakou et al., 1997) (Table 2). These 
cell Unes were not Taxol dependent, and the resistant 
phenotype was sustained even after the cells were 
cultured for 3 years in the absence of drug. The total 
tubuUn contents of both the resistant and the parental 
cells were similar and all the cells had the same fraction 
of tubulin in the polymerized state, suggesting that 
microtubule dynamics in these Taxol-resistant cells was 
not altered. However, the isolated tubulins from the 
resistant ceUs polymerized poorly in the presence of 
Taxol, suggesting that these mutations abrogated Taxol 
binding. Interestingly, these Taxol-resistant cells re- 
tained sensitivity to epothilone B and to 2-/w-azido- 
benzoyl-Taxol, both of which are considerably more 
potent microtubule-stabilizing drugs than Taxol. Se- 
quence analysis of the major ^-tubulin isotype pi in 
these cell lines revealed that the 1A9PTX10 cells had a 
Phe27o-to-valine substitution, whereas the 1A9PTX22 
cell Une had an Ala364-to-threonine substitution. From 
molecular modeUng studies, Phe27o is close to the region 
of tubulin that makes important contacts with the taxane 
ring system of Taxol (see above). It is possible that 
replacing the phenyl ring at this position by the less 
bulky side chain of valine could disrupt Taxol binding to 
the mutant tubidin. Epothilone-resistant cell Unes were 
isolated after exposure of the human ovarian carcinoma 
cell Une to epothilone A or epothilone B (Giannakakou 
et al., 2000). These epothilone-resistant ceU Unes exhi- 
bited impaired epothilone- and Taxol-induced tubuUn 
polymerization (Table 2). One ceU line had a mutation 
leading to a threonine-to-isoleucine change at amino acid 
274, and the other had a mutation leading to an arginine- 
to-glutamine change at amino acid 282. This arginine 
residue is the site of photoincorporation of 7-BzDC 
Taxol (see above; Rao et al, 1999). Based on molecular 
modeling studies, it was suggested that the Thr274lle 
substitution could disrupt the hydrogen bond between 
the side chain hydroxyl group of threonine and the C7- 
hydroxyl of the epothilones (Giannakakou et al., 2000). 

Alterations in signaling pathways 

Key proteins that mediate various signaling pathways 
are often localized to microtubules (Gundersen and 
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Cook, 1999; HoUenbeck, 2001; Cardone et al, 2002), 
and microtubule-targeting drugs, such as Taxol, have 
the potential to modulate these pathways. One well- 
documented  example  of a  signaling pathway  that 
interacts with microtubules is the extracellular signal- 
regulated kinase (ERKl and 2), a component of the 
mitogen-activated protein kinase (MAPK) family. We 
and others have documented activation of the ERK- 
signaling cascade in response to microtubule disruption 
(Shinohara-Gotoh et al, 1991; Schmid-AlUana et al, 
1998;   McDaid   and   Horwitz,   2001).   In   fact,   we 
have   demonstrated   additivity   between   Taxol   and 
MEK inhibition, utilizing a commercially  available 
MEK inhibitor, U0126 (McDaid and Horwitz, 2001). 
Other groups have demonstrated similar findings with 
respect to Taxol and other drugs that induce MEK/ 
ERK activation (e.g. UCN-01) (Dai et al, 2001). Our 
study clearly demonstrated that it is the degree of 
activation  of this  signaling  pathway  that  governs 
whether  the  interaction  between  Taxol  and  MEK 
inhibition is additive/synergistic, or antagonistic. The 
mechanism for the enhanced cytotoxic effects of Taxol 
in the presence of MEK inhibitors may be related to 
the repression of the survival-signaling function of the 
ERK/MEK pathway, and to enhanced microtubule 
polymerization, since it has been proposed that MAPK 
activation inhibits microtubule stabilization (Shinohara- 
Gotoh et al., 1991). 

Although Taxol has been shown to activate MAPK in 
vitro, there are currently no data available from patients 
treated with Taxol.  However, a recent report has 
suggested that active MAPK is expressed in approxi- 
mately 48% of primary human breast cancer tumors, 
and is potentially a marker of breast cancer metastasis 
since its expression is elevated in lymph node metastases 
(Adeyinka et al, 2002). Since Taxol is FDA approved 
for the treatment of ovarian, breast and lung carcino- 
mas, it may be possible to potentiate clinical responses 
in   these   disease   types   by   combining  Taxol-based 
chemotherapy with signal transduction inhibitors, in- 
cluding   EGFR  inhibitors   and   famesyl  transferase 
inhibitors that target oncogenic ras signaling. In this 
strategy,  Taxol-based  chemotherapy  may have  en- 
hanced   efficacy  in   patients   who   would   otherwise 
respond poorly. This strategy is currently being inves- 
tigated   in   current   clinical   trials   (Tolcher,   2001; 
Esteva  et  al,  2002;  Forero  et  al,  2002).  Indeed, 
the FDA has approved the use of trastuzumab (the 
humanized anti-ErbB2 antibody) and Taxol as first-line 
treatment of ErbB2 (HER2)-overexpressing metastatic 
breast cancer, based on the results of a randomized 
phase ni clinical trial, showing that this combination 
produced higher response rates and longer survival 
duration  than  treatment  with  chemotherapy  alone 
(Slamon   et  al,   2001).   It  has  been   demonstrated 
that ErbB2 overexpression inhibits  Cdc2 activation 
and Taxol-induced cell death in breast cancer cells, 
via deregulation of the G2/M cell cycle checkpoint 
(Yu et al,   1998),  and more recently that ErbB2- 
overexpressing breast cancer cells and primary tumors 
have elevated levels of inhibitory phosphorylation of 

Cdc2 on tyrosine (Y)15 (Tan et al, 2002), providing a 
mechanistic   rationale   for   the   association   between 
ErbB2 overexpression and Taxol resistance. As dis- 
cussed previously, there may exist a novel relationship 
between oncogenic growth factor signaling, and the 
modulation of tubulin isotypes (Montgomery et al, 
2000), although this hypothesis will require validation 
in human tumors that express oncogenic forms of 
receptor tyrosine kinases. Interestingly, overexpression 
of EGFRvIII, a receptor variant of the EGFR gene that 
has the most common alteration of the EGFR gene, a 
deletion encompassing exons 2-7, is associated with 
constitutive activation of the pERK (Montgomery et al, 
1995)   and   phosphatidylinositol   3-kinase   pathways 
(PI3k/AKT) (Moscatello et al, 1998), consistent with 
increased cellular survival. It has recently been demon- 
strated that overexpression of a catalytically active 
subunit of PI3k in ovarian cancer cells confers Taxol 
resistance, which is reverted upon inhibition of the PI3k 
pathway utiliang a selective inhibitor (Hu et al, 2002). 
Thus, aberrant expression of key signaling molecules 
required for the control of cellular survival may confer 
Taxol resistance,  and  one current focus  of fixture 
chemotherapy  in   the  treatment   of cancer  is  the 
circumvention   of this   type   of resistance,   utilizing 
selective inhibitors of these proteins to increase drug 
sensitivity. 

Taxol resistance in patients 

Taxol, in combination with the platinum agents, has 
been accepted as the standard chemotherapy in patients 
with advanced ovarian cancer. This combination has 
also shown activity in patients with breast and non- 
small-cell lung cancer. Despite the clinical success 
of Taxol in treating a number of solid malignancies, 
several disease types are intrinsically resistant to the 
drug, notably gastrointestinal tumors, thereby limiting 
its therapeutic applications. It is thought that the 
high expression of P-glycoprotein in the gastrointestinal 
tract mediates Taxol resistance. This supposition has 
been supported by the observation that patients with 
advanced colorectal tumors have demonstrated clinical 
responses to epothilone B, which is not a substrate for 
P-glycoprotein (Calvert et al, 2001). 

The majority of patients with advanced cancer 
eventually develop progressive disease after initially 
responding to Taxol treatment. Drug resistance, whether 
intrinsic or acquired, represents a niajor obstacle in 
improving the response and survival of cancer patients, 
and these problems related to resistance have motivated 
a search for novel antimitotic agents that have the 
potential to improve the Taxol prototype. The ideal 
Taxol prototype would display activity in a broad range 
of malignancies, have manageable toxicities, a reduced 
propensity for acquired clinical resistance, and ideally 
produce an enhanced degree and dmration of antitumor 
response. The epothilones and discodermoUde, both of 
which are being evaluated in clinical trials, fulfill some 
of these criteria, although their toxicity profiles are 
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Still being assessed and it remains to be seen if they will 
attain the same clinical success as Taxol. 

Alterations in tubulin isotype composition in tumors 

An analysis of J?-tubulin isotype expression levels in 
Taxol-sensitive and- resistant himian ovarian epitheUal 
tumors by RT-PCR was undertaken (Kavallaris et al., 
1997). Resistance to Taxol was defined as disease 
progression during treatment, or relapse within 6 
months following treatment. Taxol-resistant ovarian 
tumor samples displayed significant increases in class I 
(3.6-fold), class IH (4.4-fold), and class IVa (7.6-fold) jS- 
tubulin compared to primary untreated ovarian tumors. 
In contrast, no correlation was observed between P- 
tubulin mRNA expression and Taxol sensitivity in 
mouse xenografts established from 12 himian ovarian 
carcinomas taken before or after the initiation of Taxol 
treatment (Nicoletti et al., 2001). 

Tubulin mutations in human tumors 

A   recent   study   identified   /S-tubulin   mutations   in 
serum DNA isolated from 33% of patients with non- 
small-cell  lung  cancer  (Monzo  et  al.,   1999).  This 
finding was considered extremely significant, since it 
validated in vitro data from numerous laboratories 
documenting the acquisition of mutations in Taxol- 
and epothilone-resistant cell lines that correlated with 
increasing levels of resistance. Moreover, this report 
suggested a relationship between the location of the 
mutations on )S-tubuUn and response to Taxol-based 
chemotherapy, since patients with and without muta- 
tions had dramatic differences in median survival, a 
finding,   which  if validated,  would  have  profound 
implications   in   determining   treatment   options   for 
patients with NCSLC. Several groups sought to confirm 
this initial study; however, the results have not been 
corroborated in these prospective studies (Kelley et al., 
2001; Kohonen-Corish et al., 2002; Sale et al., 2002; 
Tsurutani et al., 2002), although silent polymorphisms 
have been reported. A recent study analysing 62 human 
breast cancer tumors also concluded a lack of j8-tubulin 
mutations   in   these   tumors,   and   dociraiented   the 
presence  of a  silent polymorphism  at codon  217 
(Hasegawa et al., 2002). All of these studies addressed 
the  issue   of concomitant  amplification   of tubulin 
pseudogenes   during  the  analyses,   an   artifact   that 
appears  to  be circimivented by cDNA  sequencing 
(Tsurutani et al., 2002). We have identified a unique 
polymorphism,   utilizing  cDNA   sequencing,   at   the 
extreme C-terminus of /?-tubuUn in a patient with 
advanced breast cancer (McDaid et al., 2002). This 
patient had a partial response to BMS-247550, an 
epothilone B analog currently in clinical development, 
although the relevance of this polymorphism to her 
response is unknown. In addition, a Taxol-resistant cell 
line that harbors a mutation in a-tubuUn has recently 
been   identified   (Martello   et  al.,  2003),   suggesting 
that nucleotide alterations may not be confined to 
)S-tubulin, but may arise in multiple locations, resulting 

in perturbation of normal microtubule function. There- 
fore, the prevalence of sequence variants of tubulin 
in human timiors, and the relevance, if any, of these 
variants to response to Taxol-directed chemotherapy is 
still a subject of debate. 

The study by Monzo et al. utilized genomic DNA 
that was extracted from circulating tumor DNA 
isolated from patient serum samples. The /?-tubulin 
gene has many pseudogenes, seven of which have been 
reported to date (Wilde et al., 1982a, b; Lee et al., 1983). 
The existence of pseudogenes makes it difficult to 
analyse the precise nucleotide sequence of /?-tubulin 
using genomic DNA. One report (Tsurutani et al., 2002) 
has documented the amplification of nonspecific nucleo- 
tide sequences in /S-tubulin, depending on whether 
genomic DNA or cDNA is utilized. There is also the 
possibility that circulating tumor DNA may have 
additional nucleotide alterations compared to DNA 
from a primary tumor, due to the clonal expansion of 
tumor cells and the metastatic process. However, 
whether these micrometastases give rise to secondary 
tumors that may have tubulin alterations remains to be 
determined. Owing to the potential clinical relevance of 
sequence variants in tubulin to microtubule-directed 
chemotherapy, a sensible reconmiendation for future 
studies would be to carry out a systematic analysis of the 
genetic basis of these nucleotide alterations, utilizing 
rigorous strategies that eliminate the possibility of 
detecting pseudogenes. 

Tubulin-lmicrotubule-regulatory proteins in human 
cancers 

Stathmin mRNA levels are known to be upregulated in 
breast carcinoma cells from patients with more aggres- 
sive disease, and in acute leukemias, lymphomas and 
various carcinomas (Hanash et al., 1988; Nylander et al., 
1995; Bieche et al., 1998; Curmi et al, 2000). In the case 
of MAP4, a recent phase 1 clinical study of sequential 
doxorubicin/vinorelbine indicated partial correlation 
with induction of p53 and decreased MAP4 expression 
in peripheral blood mononuclear cells and in tumors 
(Bash-Babula et al, 2002). 

Summary 

Acquired Taxol resistance may be mediated by a 
number of putative mechanisms, based on data accrued 
from the selection of cells with Taxol in vitro. These 
include, but are not limited to, overexpression of P- 
glycoprotein, alterations in tubulin and aberrant signal 
transduction pathways and/or cell death pathways. The 
real contribution of these potential mechanisms is 
ultimately dependent on the extent of dysregulation of 
normal cellular integrity in cancer cells. As our knowl- 
edge of drug resistance increases, based on in vitro 
models in resistant cells, it is apparent that there are 
multiple mechanisms responsible for the resistant 
phenotype in cells cultured in vitro. The contribution 
of the various drug-resistant phenotypes to acquired 
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Taxol resistance in actual hximan tumors has yet to be 
precisely defined. 
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